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ABSTRACT 
 
With concerns regarding climate change, pollution, and a limited supply of fossil fuels, 
photovoltaics are an attractive alternate energy source. Within the field of photovoltaics, thin 
film organic solar cells are alluring due to their potential low cost, mechanical flexibility, and 
ease of fabrication. However, there are many drawbacks that need to be overcome such as 
incomplete photon absorption, incomplete exciton dissociation, and carrier recombination. 
Three distinct projects addressing charge generation and collection in thin film photovoltaics 
are described. 
The first details the use of microlens arrays (MLAs) as a nonintrusive method to 
increase photon absorption in organic solar cells. Laser holography and soft lithography were 
used to produce the MLAs on the glass side of an indium tin oxide substrate. In PTB7-based 
devices, we saw improvements in short circuit current (Jsc) of more than 10%, and achieved a 
high average power conversion efficiencies of 8.5%. Additionally, we used simulations 
utilizing the scattering matrix method to corroborate our experimental results. These 
simulations revealed that, for a given pitch of a MLA, a taller height typically yields more 
enhancement.  
Second, the effects of using BaTiO3 nanoparticles as additives in 
polythiophene:fullerene solar cells are experimentally and theoretically investigated. BaTiO3 
nanoparticles were chosen because of their high dielectric constant, which can increase exciton 
dissociation, and the potential for light scattering. To achieve stable suspensions for device 
fabrication, the nanoparticles were functionalized with organic ligands. Solar cells fabricated 
in air showed ~40% enhancement in the photocurrent primarily due to string-like aggregates 
of functionalized BaTiO3 particles, which increase light absorption without hindering charge 
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collection. Solar cells fabricated in an inert atmosphere yielded overall more efficient devices, 
but the string-like aggregates were absent and enhancement in photocurrent was up to ~6%. 
Simulations with the excitonic drift-diffusion model demonstrate that a bare nanoparticle 
significantly increases exciton dissociation, whereas the functional group negates this effect. 
Simulations utilizing the scattering matrix method reveal that absorption enhancements caused 
by light scattering increase as the nanoparticles aggregate into string-like structures.  
Lastly, a computational study investigating correlations between morphological 
features in two dimensional bulk heterojunctions and relevant photo physical processes is 
reported. A set of morphological descriptors were evaluated for a large set of morphologies 
utilizing a graph-based method. A morphology aware excitonic drift-diffusion model was used 
to compute current-voltage curves, fill factors, efficiencies, as well as spatial distributions of 
exciton generation, dissociation, and charge collection for each morphology. We find that the 
device efficiency primarily depends on the short circuit current, and has almost no dependence 
on the fill factor. Interestingly, we find that the fill factor is largely insensitive to many of the 
investigated descriptors. It is only weakly dependent on the contact area mismatch – the 
difference between the fraction of anode in direct contact with donor and the fraction of 
cathode in direct contact with acceptor. The fill factor is maximized when this quantity is 
nearly balanced. Since morphologies with a higher fraction of the electrodes in contact with 
the desirable material show higher short circuit current, we conclude that designing 
morphologies for a high short circuit current will necessarily lead to reasonably high fill 
factors. 
1 
 
 
 
CHAPTER 1. 
INTRODUCTION 
1.1 General Solar Energy 
The solar power incident on the Earth is about 120,000 terawatts, which provides in 
one hour as much energy that humans consume globally in one year1. With the concerns of 
climate change, pollution, and limited fossil fuels, it is no wonder that harnessing solar power 
is an important research topic. A back-of-the-envelope calculation will show that, with some 
assumptions, covering a total area roughly the size of Spain with 20% efficient solar cells 
would be enough to provide all of the energetic needs of human civilization in 2030 as shown 
in Figure 1. While this may seem like a huge area, and it is, when spread across the world in 
strategic areas, it becomes a more manageable task. This also neglects any other renewable 
energy sources such as wind, geothermal, and hydro that may be contributing to our needs.  
 
Figure 1: An image depicting how much land area would need to be covered with 20% 
efficient solar cells in order to power the human civilization in 20302. 
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While solar energy can be captured in many ways such as photosynthesis, heat, or 
directly in photovoltaics, herein the focus will be on photovoltaics. In a typical photovoltaic 
cell, light from the sun is incident on a semiconductor with a given bandgap. Photons with 
energy greater than the bandgap can excite an electron from the valence band to the conduction 
band, leaving a hole in the valence band. The electron and hole need to be collected at the 
cathode and anode, respectively. One way of separating the carriers to opposite electrodes is 
to generate a built-in field in the semiconductor. This can be done by introducing a p-n junction 
(i.e. hole-doped on one side and electron-doped on the other). At the junction where the doping 
changes from p to n, an electric field is developed, which will separate the generated carriers. 
Some loss mechanisms are generally applicable to all solar cells regardless of material: 1) 
Photons with energy less than the bandgap of the semiconductor cannot be absorbed and are 
transmitted through the solar cell. 2) Photons with energy larger than the band gap generate 
“hot carriers” that release the extra energy as heat via phonons in the semiconductor lattice. 3) 
Generated electrons and holes can recombine non-radiatively via intermediate states in the 
bandgap which can be introduced by defects. 4) Carriers can recombine radiatively. While this 
generates a photon that can be reabsorbed by the material, some of these photons will leave 
the solar cell and so the energy is lost. An energy band diagram demonstrating the built-in field 
of a p-n junction and these loss mechanisms is shown in Figure 2a. The so-called AM1.5 
spectrum of light that reaches the earth’s surface, as well as the total useable energy for a 
silicon solar cell (bandgap = 1.1 eV) is shown in Figure 2b. These loss mechanisms limit the 
total efficiency of a single-junction solar cell. This limit, which is a function of bandgap, and 
laboratory photovoltaic efficiencies of some material systems are shown in Figure 3. 
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Figure 2: (a) A band diagram showing the loss mechanisms described in the text. (b) The 
AM1.5 solar spectrum and the total useable energy for a silicon based solar cell is shown 
in red3-4. 
 
Figure 3: Theoretical maximum efficiencies for single junction solar cells and achieved 
laboratory efficiency (as of 2005) of many material systems5. The highest achievable 
efficiency is for materials with bandgap of ~1.3-1.5 eV.  
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1.2 Introduction to Organic Photovoltaics 
Organic photovoltaics (OPVs) have received much attention in recent years as a 
possible renewable energy source and have recently achieved power conversion efficiencies 
more than 10%6. Their low cost, flexibility, and ease of fabrication make them an attractive 
alternative to other photovoltaic technologies. One difference of organic photovoltaic materials 
and their inorganic counterparts is that they typically have a low dielectric constant (~2-5), 
which leads to an important mechanistic difference in carrier generation upon photon 
absorption: excitons are formed instead of free electrons and holes. An exciton is a neutral 
entity consisting of a coulombically bound electron and hole with a binding energy on the order 
of ~0.4 eV7, which is much larger than the thermal energy available near room temperature 
(0.026 eV). This high binding energy leads to a short diffusion length (~5-20 nm7) of the 
exciton before recombination. One way to break the exciton into free carriers is to introduce 
an interface where the two materials have different lowest unoccupied molecular orbital 
(LUMO) and highest occupied molecular orbital (HOMO) levels. If both the LUMO and 
HOMO levels of the second material are lower than the host material such that it is 
energetically favorable for the electron to move to one material, and the hole to the other, then 
the exciton can be broken into free carriers. This necessary offset in energy levels limits the 
output voltage of the solar cell to the difference between the HOMO of the donor and LUMO 
of the acceptor. This has led to the use of donor and acceptor materials such as poly-3-hexyl 
thiophene (P3HT) and phenyl-C61-butyric acid methyl ester (PCBM), respectively. This has 
also spurred the evolution of the organic solar cell structure from homojunction to bilayer to a 
bulk heterojunction (BHJ), and finally the idealized interdigitated “sawtooth” structure as 
shown in Figure 4. This development in structure increases the interfacial area for exciton 
dissociation while maintaining pathways for charge collection. It is also common to use carrier-
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selective transport layers at interfaces, such as PEDOT:PSS between ITO and the BHJ. This 
layer serves to transport holes into the ITO while minimizing the amount of electrons that 
recombine at this interface. The structure of these BHJ materials as well as a typical band 
diagram for a BHJ are shown in Figure 5. 
 
Figure 4: The evolution of the organic solar cell structure from single layer (a) to bilayer 
(b), to bulk heterojunction (c) and the coveted interdigitated sawtooth structure (d). 
 
 
Figure 5: (a) Molecular structures of P3HT, PCBM, and PEDOT:PSS. (b) The associated 
band diagram of a solar cell based on these materials. 
The overall mechanism for power conversion is as follows (demonstrated 
geometrically and energetically in Figure 6): 
1. Incoming photons with energy larger than the bandgap of the absorbing material 
(typically the polymer donor) generate excitons. 
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2. Since the exciton is a neutral entity, it is not effected by electric field and must diffuse 
to an interface. Here, the exciton can be separated – the hole stays on the donor, and 
the electron moves into the acceptor region.  
3. The now free electrons and holes travel by both diffusion and drift. Holes are 
collected at the transparent anode, which is typically indium tin oxide (ITO), and 
electrons are collected at the metallic cathode, usually aluminum. 
 
Figure 6: A schematic of the energy conversion processes in an idealized sawtooth organic 
solar cell geometrically (a). The same processes are shown energetically in (b) where the 
electron energy increases in the upward direction and vice versa for holes. 
Of course, there are shortcomings in all of these mechanisms. The low carrier mobilities 
on the order of 10-4 and 10-7 cm2/V-s for P3HT and PCBM8, respectively, necessitate that a 
thin (~100-500 nm) film be used to allow for reasonable charge collection. While organic 
materials typically have high absorption coefficients (104-105 /cm)9, such thin films do not 
allow for complete absorption of all photons with energy greater than the band gap. 
Unoptimized film morphologies with donor regions that are more than ~20 nm from an 
interface can lead to incomplete exciton dissociation. Furthermore, once an exciton is split into 
free carriers, it is possible for the free carriers to recombine before reaching the contacts. The 
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carriers can recombine radiatively, or nonradiatively due to trap states within the material, or 
surface states at interfaces10.  
There have been many reported strategies to overcome these shortcomings. There are 
several optical approaches to increase the absorption within the active layer such as texturing 
the active layer itself11-12, or utilizing microlens arrays on the glass side of the substrate to 
scatter incoming light leading to increased path lengths within the active layer13-14. There is 
also an ongoing search for materials with lower bandgaps to absorb more of the solar spectrum, 
suitable energy levels for exciton dissociation, and higher carrier mobilities.  
Extensive research has been done on processing conditions that affect film morphology 
such as thermal annealing15-17, solvent annealing18-20, and solvent additives21-22. For all of these 
methods, there are optimal conditions leading to the highest efficiency. These methods 
typically enhance the crystallinity, and thus mobility, of the film. However, too much 
coarsening of the phases can lead to reduced exciton dissociation. Furthermore, these methods 
are not universally applicable to all OPV materials and must be optimized for each material 
system.  
Furthermore, many ternary blends have been investigated with typical bulk 
heterojunction (BHJ) materials such as P3HT:PCBM in order to address one or more of these 
losses. These ternary blends can include adding another organic component to alter absorption 
or mechanical properties, as well as adding inorganic particles. Further details on ternary 
blends are provided in Chapter 3.  
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CHAPTER 2.  
REDUCING OPTICAL LOSSES IN ORGANIC 
PHOTOVOLTAIC DEVICES USING MICROLENS ARRAYS: 
THEORETICAL-EXPERIMENTAL INVESTIGATION OF 
MICROLENS DIMENSIONS 
Phys. Chem. Chem. Phys., 2015,17, 3723-3730 
Yuqing Chen†, Moneim Elshobaki†, Ryan Gebhardt†, Stephen Bergeson, Max Noack, 
Joong-Mok Park, Andrew C. Hillier, Kai-Ming Ho, Rana Biswas and Sumit Chaudhary 
Abstract 
The performance of organic photovoltaic devices is improving steadily and 
efficiencies have now exceeded 10%. However, incident solar spectrum still largely 
remains poorly absorbed. To reduce optical losses, we employed a microlens array 
(MLA) layer on the side of the glass substrate facing the incident light; this approach 
does not interfere with the processing of the active-layer. We observed up to 10% 
enhancement in the short circuit current of poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-
b:4,5-b′]dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl] thieno[3,4-
b]thiophenediyl}):(6,6)-phenyl C71-butyric acid methyl ester (PTB7:PC71BM) OPV 
cells. Theoretically and experimentally investigating several MLA dimensions, we 
found that photocurrent increases with the ratio of height to pitch size of MLA. 
Simulations reveal the enhancement mechanisms: MLA focuses light, and also 
increases the light path within the active-layer by diffraction. Photocurrent 
enhancements increase for a polymer system with thinner active-layers, as 
                                                 
† Contributed equally to this work. Y. Chen fabricated and characterized PTB7 based devices, 
and prepared the initial manuscript. M. Elshobaki fabricated and characterized PCDTBT based 
devices. R. Gebhardt fabricated and characterized the microlenses and also handled reviewer 
comments and finalization of the manuscript. 
9 
 
 
 
demonstrated in poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-
2′,1′,3′-benzothiadiazole)] (PCDTBT):PC71BM OPVs with 17% improvement in short 
circuit current. 
2.1 Introduction 
  
Solar-electric conversion using organic semiconductors has been a very active research 
area within the photovoltaic community. OPV devices have the advantages of flexibility, light 
weight, and potentially low cost roll-to-roll production23. In the last decade, power conversion 
efficiency (PCE) of OPVs has increased from 2% to 11%24-25. The rapid improvement of PCE 
has primarily been due to the following aspects: (1) new materials, especially small band-gap 
donor polymers with appropriate energy level offsets to the fullerene acceptors26-28, (2) 
improved anodic and cathodic buffer layers29-31, and (3) the optimization of the bulk-
heterojunction morphology using approaches such as annealing and additives32-36. Although 
the OPV efficiencies have improved steadily, they still are lower than those of contemporary 
thin-film inorganic solar cells. The efficiency losses in OPV cells include thermalization, 
exciton recombination, energy losses required for exciton dissociation, charge-carrier 
recombination, and optical losses. Among them, optical losses have been estimated to be nearly 
40% of total losses37. This is primarily because the thicknesses of OPV active-layers, as 
optimized for efficient charge transport, are only 100-200 nm or less. Therefore, methodologies 
to improve light absorption are necessary for further advancement of OPV technology. 
In addition to tailoring the band-gap of materials to absorb more solar spectrum, several 
device architectural approaches have been explored to improve light absorption in OPVs. 
These include utilizing textured substrates38-40, substrates with wrinkles and deep folds41, metal 
nanoparticles in or adjacent to the active-layers42-43, and patterning the active-layers44. 
10 
 
 
 
However, these approaches bring along several challenges and bottlenecks. In the textured 
substrate approach of Nalwa et al.38, texture dimensions need to be tailored, or rather 
discovered by trial-and-error for conformal coating of active-layers. Low-aspect ratio 
structures lead to over-filling of trenches and increased charge-carrier recombination, and 
high-aspect ratio structures lead to catastrophic shunts between the electrodes. Additionally, 
for contemporary polymer systems, which typically have thinner active-layers, achieving 
conformal coatings will be more challenging.  Overall, conformally patterned cells may have 
good theoretical performance for optimum optical designs40, but realizing conformal coatings 
by solution-processing is non-trivial and an open problem. The microprism approach39,  and 
the one of utilizing substrates with wrinkles and deep folds41 suffer from similar issues. In the 
latter, it is also challenging to have a quantitative and precise control on the dimensions of self-
assembled wrinkles and folds. Incorporating metal nanoparticles in or adjacent to the active-
layer can also improve light absorption by surface plasmon polarization assisted field 
enhancement, and lateral propagation of light in the plasmonic mode42-43, 45-47. However, metal 
nanoparticles are centers for exciton quenching and charge-carrier recombination. In summary, 
all of the above approaches are intrusive to the active-layer, and optical enhancement often 
comes at a cost of disrupting the charge dynamics. 
An alternative non-intrusive approach is employing microlens array (MLA) on the side 
of the transparent substrate opposite to the active-layer, such that light traverses the MLA and 
transparent substrate before entering the active-layer. Being on the other side, MLAs do not 
affect the fabrication or morphology of the active-layer. The MLA approach has been 
successfully used in organic light-emitting diodes to enhance light extraction48-51. More 
recently, MLA approach was also demonstrated to be useful for OPVs. Myers et al. utilized 
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hemispherical microlenses with 100μm diameter52; this led to refraction of light towards the 
active-layer and reduced surface reflection. Since the light was no longer traveling 
perpendicular to the substrate, the overall path length inside the active layer was increased and 
thus the absorption increased. In our previous publication53, we showed that MLA with smaller 
features sizes can be more promising because besides reduced surface reflection and refraction, 
they can also benefit from diffraction. In that report, we only investigated 2μm diameter 
microlenses, but by smaller feature sizes we more generally mean feature sizes in or near the 
regime of optical wavelengths. Feature sizes (diameters) smaller than 2μm have not been 
explored; neither has been the effect of changing the height of microlenses. That is the focus 
of this report, in which we show that both the pitch and height of microlens structures critically 
affect the device performance. We couple experimental investigations with theoretical 
predictions, for two contemporary polymer systems (PTB7 and PCDTBT). Simulations also 
elucidate the mechanisms behind enhancement in light-absorption. 
2.2 Microlens and Solar Cell Fabrication and Characterization Methods 
Periodic MLA with square lattice symmetry, having a structure similar to a closely 
packed egg tray, was fabricated by soft lithography imprinting on polyurethane (Summer 
Optical Lens Bond Type J-91) from a polydimethylsiloxane (PDMS) mold. Polyurethane was 
then cured under UV light for 3 hours, forming a solid MLA pattern after peeling off the PDMS 
mold. The polyurethane has negligible absorption for wavelengths greater than 300 nm. In 
addition, the operating temperature range of -50 to 110°C is suitable for photovoltaic 
applications. MLAs with different pitches were fabricated from PDMS molds of different 
pitches. The PDMS molds with varying pitches and the desired inverse relief patterns were 
obtained from holographic interference lithography of photoresist. Further details about 
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fabrication of MLA pattern and PDMS molds are described elsewhere54-55. The fabricated 
MLA with different pitch sizes can be seen in Figure 1. 
 
Figure 1: SEM images of MLAs with pitch sizes (a) 0.6µm, (b) 1µm, (c) 1.5µm, and (d) 
2µm. 
PTB7 (1-Material) and PC71BM (1-Material) with a weight ratio 1:1.5 were dissolved 
in 1,2-dichlorobenzene:1,8-diiodoctane (97%:3% by volume) with 25 mg/ml total 
concentration, and stirred at 800 rpm on a hot plate at a temperature of 60 oC for around 20 
hours. Indium Tin Oxide (ITO) coated glasses (Delta Technologies) with and without MLA 
pattern were pre-cleaned by sonicating in 2-propanol/acetone and then de-ionized water for 10 
min each. The substrates were then dried with nitrogen and exposed to air plasma for 1 minute. 
Poly (3, 4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) was spin-coated on 
ITO substrates at 4000 rpm for 60 s, followed by annealing on a hot plate at 120 oC for 10 min. 
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The substrates were then transferred inside a nitrogen-filled glovebox. The previously prepared 
active-layer solution was filtered through a 0.2 μm filter, dropped on the PEDOT:PSS coated 
ITO, and spin-coated at 1000 rpm for 60 s. After spin-coating, the devices were covered with 
separate petri dishes for two hours. This length of time was long enough to dry the active-
layers. To finish the device fabrication, 20 nm calcium and 100 nm aluminum were thermally 
evaporated on the active-layer at a pressure of around 10-6 mbar.  
 
Figure 2: Schematic diagrams of different devices: (a) PTB7 reference device, (b) PTB7 
MLA device, (c) PCDTBT reference device, (d) PCDTBT MLA device. 
The preparation of substrates for PCDTBT based devices was done similar to that of 
PTB7. PCDTBT of molecular weight 50 kDa was purchased from 1-Material. MOOX (99.99%) 
and LiF (99.98%) were purchased from Sigma Aldrich. For the PCDTBT:PC71BM system, 10 
nm of MoOX anodic buffer layer was thermally evaporated on ITO under a vacuum of about 
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10-6 mbar at the rate of 0.5 Å/sec. Solution of PCDTBT and PC71BM (1:3.5, w/w), with a 
concentration of 7 mg/mL in 1,2-dichlorobenzene, was continuously stirred on a hot plate at 
90 oC and 650 rpm for 8 hours. The temperature of the solution was then reduced to 60 oC at 
the same stirring speed. After that, the active-layer was deposited on the top of the MoOX 
anodic layer at 2000 rpm for 45 seconds. The films were then dried under petri dishes for 20 
min, and then annealed for 15 min on a hot plate at 70 oC. Finally, LiF (2 nm) and Al (100 nm) 
were thermally evaporated on the active-layer at the rates of 0.5 and 8 Å/sec, respectively. 
PTB7 and PCDTBT based device architectures without and with MLA are depicted in Figure 
2. 
For global transmission measurements, 0% and 100% were first calibrated for the 
integrating sphere. ITO coated glass substrates with and without MLA were placed in front of 
the opening of integrated sphere with ITO layer facing the opening. Then global transmission 
spectra were recorded from the optical fiber coupled spectrometer (Ocean Optics). For current 
density-voltage characterization, ELH Quartzline halogen lamp provided 1 sun illumination 
after being calibrated with a reference crystalline Si solar cell coupled with a KG-5 filter. All 
the samples were measured under the same light intensity. In order to measure external 
quantum efficiency (EQE), a 100 W halogen bulb (OSRAM Bellaphot) was used as a light 
source with a single grating monochromator (Horiba Jobin Yvon Srl). An optical chopper 
(Thor Labs) coupled with a lock-in amplifier (Standford Research Systems) was employed to 
reduce system noise. The EQE spectra were calculated after comparing the sample signal to 
the crystalline Si reference signal. Light angle dependent current density was measured using 
a customized setup in the lab. 1 sun illumination was obtained using a light source (LS150 
Abet technology) and calibrated with a reference crystalline Si solar cell. A rotating sample 
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stage was used to change the incident angles from 0 to 80 degrees, and short-circuit current 
was measured using Keithley 2400 sourcemeter. 
2.3 Simulations 
We used the rigorous scattering matrix (SM) method56-57 where Maxwell’s equations 
are solved in Fourier space, i.e. in a basis of plane waves for both polarizations. We divided 
the OPV devices into slices in the z-direction, wherein the dielectric function depends 
periodically on x and y in each slice i.e. the in-plane coordinates r=(x,y). The dielectric function 
ε has Fourier components ε(G) given by  
ε(r) =∑G ε(G) exp (iG.r) (1) 
where G are reciprocal lattice vectors. The electric E and magnetic (H) fields are also expanded 
in Fourier components of strength e and h, which are functions of G and z.  
E(r) =∑G  e(G, z) exp (–i(k+G).r) (2) 
H(r) =∑G  h(G, z) exp (–i(k+G).r)        (3) 
where k is a Bloch vector. We solve an eigenvalue equation for the transverse x and y 
components of the fields e, h in each layer34. We obtain the SM for each layer by solving the 
Maxwell’s equations with the boundary conditions, that the parallel components of the fields 
e, and h are continuous at each interface. The SM of each layer was combined by a standard 
convolution procedure34 to obtain the SM of the entire structure, which relates the incoming 
(incident) fields to the outgoing (reflected and transmitted) fields. The SM yields the total 
reflectance R (including diffraction), transmittance T (~0) and absorbance A (= 1 – R – T) at 
each wavelength. This SM technique has advantages over real-space methods in being able to 
simulate fully 3-dimensional geometries, without added memory requirements, since a real 
space grid is unnecessary. The SM method is fully parallelized with each frequency being sent 
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to a different processor, and we have efficiently simulated18,36 complex textured organic solar 
cells with this method. The results are well converged for NG=270-300 plane waves (G vectors) 
for each polarization of the field, leading to a scattering matrix size of order 540-600 (2NG). 
Our simulations utilize experimental values for the wavelength dependent dielectric functions 
for the materials including measurements for PCDTBT37 and PTB738, and standard tabulated 
values for other materials39.  
 
Figure 3: (a) Experimental and (b) simulated global transmission spectra of substrates 
without MLA (Reference) and with MLA (0.6 µm, 1 µm, 1.5 µm and 2 µm pitches). 
2.4 Results and Discussion 
MLAs with four pitch sizes (0.6 µm, 1 µm, 1.5 µm, and 2 µm) were fabricated and 
evaluated. In order to compare the optical properties of the substrates with and without MLA, 
the global transmission spectra of these substrates (structure: MLA/glass/ITO) were measured 
as well as simulated; they are plotted in Figure 3. As the experimental plots in Figure 3a show, 
all substrates have similar spectra; only the 0.6 µm MLA substrate showed slightly lower 
transmission between 400 nm and 550 nm wavelengths. This lower transmission is due to 
stronger scattering of light passing through the 0.6 µm pitch microlenses. We visually observed 
that part of the scattered light escaped out through the side of the substrates before entering the 
integrating sphere. The 1 micron case also differs from simulation, showing a decrease at 
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longer wavelengths. This could be due to a similar issue of light scattering at high angles and 
escaping the integrating sphere aperture. The global transmission of all of the MLAs were 
comparable. The calculated spectra from simulation support this conclusion. The calculated 
spectra in Figure 3b are very similar to the experimental data. All substrates have similar global 
transmission spectra including 0.6 µm MLA substrate, since calculations include the scattered 
light that escaped in the experiment. The positions of maxima are near 530 nm from multiple 
interference effects, depending on ITO thickness (Figure A1 in the appendix).  
 
Figure 4: Photographs of light diffraction patterns through reference and MLA devices. 
Even though all these substrates had similar global transmission spectra, they exhibited 
very different diffraction patterns. These patterns are shown in the photographs of Figure 4. 
To obtain these images, devices were illuminated with a white light beam normal to the 
substrates, through a hole at the bottom. A sheet of white paper was placed next to the devices 
to project the diffraction patterns. No diffraction pattern was observed for the reference device. 
The MLA substrates, however, being two-dimensional diffraction gratings, showed rainbow 
like diffraction patterns. According to the grating equation 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜃𝜃𝑚𝑚  =  𝑚𝑚𝑚𝑚, diffraction order 
m is directly proportional to grating period d. Thus, larger period (pitch) leads to additional 
diffraction modes. On the other hand, diffraction angle θm is inversely proportional to the pitch. 
Thus, larger pitch leads to decreased spacing between different diffraction orders. Both, 
18 
 
 
 
additional modes and decreased angles for larger pitches are evident in the photographs of 
Figure 4. 
 
Figure 5: (a) JV curves, and (b) EQE spectra of PTB7 devices (p = 0.6 µm, h = 250 nm; p 
= 1 µm, h = 350 nm; p = 1.5 µm, h = 900 nm; p = 2 µm, h = 1000 nm). 
To characterize the effect of MLAs on the performance of OPVs, PTB7:PC71BM 
devices were fabricated on the reference substrate (no MLA) and substrates with MLA of 
different pitch sizes. Current versus voltage measurements were performed under illumination; 
the results are plotted in Figure 5a. Open circuit voltages of MLA devices were similar to the 
reference. However, short circuit current densities (Jsc) of all MLA devices were notably higher 
than the reference. As tabulated in Table 1, Jsc and PCE of the reference were 16.1 mA/cm2 
and 7.73%, respectively, among the highest in literature for PTB7 based devices. Variation of 
the enhancement is shown in boxplots in Figure A2 in the appendix. Among the MLA devices, 
devices with 1 µm pitch MLA showed the highest Jsc and PCE, 18 mA/cm2 and 8.55%, 
respectively. Jsc and PCE increased going from 0.6 µm pitch MLA to 1 µm pitch MLA, and 
then slightly decreased for 1.5 µm and 2 µm pitch MLA. The values of heights of all MLAs 
are also listed in Table 1. EQE spectra of the reference and MLA devices are plotted in Figure 
5b. As can be seen, MLA devices exhibit broadband enhancement across the range of 
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wavelengths absorbed by the PTB7:PC71BM system, especially in the 400 - 500 nm and 600 - 
800 nm wavelength regions.  
 
 
Figure 6: Enhancement of Jsc of PTB7:PC71BM devices for MLA of different pitch sizes 
as a function of height and height-pitch ratio of MLA: (a, b) experimental results; (c, d) 
simulation results. 
In addition to the pitch sizes, heights of microlenses also affected the OPV device 
performance (Figure 6). To investigate the effect of heights, two to four height values were 
evaluated experimentally for each pitch. Optical simulations for these dimensions were also 
performed on corresponding device structures. Different heights for each pitch were realized 
by intuitive variation of photoresist spin-coating parameters during MLA fabrication; all the 
Table 1 Jsc and PCE of PTB7:PC71BM OPV devices for MLAs of different pitch sizes. 
Parameters Reference 0.6 µm 
(H=250nm) 
1 µm 
(H=350nm) 
1.5 µm 
(H=900nm) 
2 µm 
(H=1000nm) 
Jsc (mA/cm2) 16.10 17.39 18.00 17.70 17.50 
Jsc enhancement (%)  8.01 11.80 9.94 8.70 
PCE (%) 7.73 8.14 8.55 8.25 8.25 
PCE enhancement (%)  5.30 10.60 6.73 6.73 
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heights for a given pitch were such that the height/pitch ratio (h/p ratio) was ≤ 1. Figure 6 
shows the combined (experimental and simulated) Jsc enhancement data for different pitches 
and heights; enhancement versus height to pitch ratio (h/p ratio) are also plotted. As can be 
seen, for a given pitch, mostly enhancement increased as the height of MLAs increased.  
First, we discuss the experimental results of height variations (Figure 6a-b). For the 0.6 
µm pitch MLA device, Jsc enhancement was 6-8% around h/p ratio of 0.4. For the 1 µm pitch 
MLA device, there was a significant jump in enhancement from 6% to 12% when the h/p ratio 
increased from 0.2 to 0.4, following which the enhancement began to saturate. The 
enhancement values increased less sharply with height in the 1.5 µm pitch MLA device; 
enhancement was ~7% for smaller h/p ratios (0.2 - 0.4), and ~10% for higher h/p ratios (0.6 – 
1). In the devices with the largest MLA pitch of 2 µm, the enhancement increased rapidly with 
increasing h/p ratio, similar to the 1 µm pitch MLA devices. Around the h/p ratio of 0.3, the 
enhancement was 2.5%, while it increased to 9% at the ratio of 0.5, and to the highest value of 
11% at the ratio of 0.7. 
Simulations agree with the experiments on a general trend that for a given MLA pitch, 
enhancement increases as height increases (Figure 6c-d). On the absolute enhancement values, 
there are some differences between experiments and simulations, which can be due to 
differences in the MLA structure employed in simulations and the one actually realized by 
fabrication. Fabricated structures have some unintentional imperfections and local 
irregularities, examples of which are some depressions in the valleys, as can be seen in SEM 
images (Figure 1). Nevertheless, simulations agree with measurements on the central trend that 
enhancement increases with increasing h/p ratio. Simulations also reveal an interesting feature 
relevant for MLA architecture design: that across different MLA pitches, enhancement values 
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are similar or close for a given h/p ratio. The h/p ratio around 0.4 is a pronounced example of 
this. 
 
Figure 7: Jsc enhancement ratio of MLA devices to reference vs. incident light angle. 
The current-voltage measurements under illumination are typically done with incident 
light normal to the substrates. However, for non-tracking PV systems, incident angle of 
sunlight changes throughout the day. In order to probe the angle dependence, we carried out 
current-voltage measurements with different incident light angles. Devices were rotated from 
the normal angle (0o) to almost parallel to the light source beam (80o), and Jsc was measured at 
10o intervals. Angle dependent enhancement ratios were obtained by dividing Jsc of MLA 
devices by that of the reference device (Figure 7). For the MLA devices with 1 µm, 1.5 µm 
and 2 µm pitch, enhancement slightly decreases with increasing angle up to 50o. This is because 
with increasing angle, light path in the reference device increases as the reflectance (Rp) of p-
polarized light decreases, vanishing at the well-known Brewster angle of 50º for glass. At 
higher angles above the Brewster angle the reflectance (Rp) increases again for the reference 
and increasingly less light is absorbed in the active-layer. In contrast, MLA reduces the 
reflection and enhancement ratios in MLA devices rapidly rise to 1.4 - 1.5 at 80o. The 
enhancement ratio for 0.6 µm pitch MLA device showed a consistently increasing trend as 
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incident light angle increased, different from devices of other pitch sizes. This might be due to 
diffraction effects being strongest in the 0.6 µm device. The angle dependence trends had no 
evident correlation with heights as the h/p ratios of MLA devices were 0.4, 0.5, 1 and 0.7 (for 
0.6, 1, 1.5 and 2 µm pitch MLAs, respectively). 
To better understand the enhancement mechanisms in MLA devices, electrical field 
distributions in MLA devices were simulated for different MLA dimensions. Figure 8 shows 
the electrical field distribution for 610 nm wavelength in the 0.6 µm and 1 µm pitch MLA 
devices. To probe the height dependence, two heights were simulated for the 0.6 µm pitch 
MLA device. One can see that field intensities in the PTB7:PC71BM active layers exhibit a 
periodic distribution of high intensity focused regions. The incident electrical field intensity 
was 1. In the 0.6 µm pitch MLA devices (Figure 8a-b), as the MLA height increases from 600 
nm to 1000 nm, the light focusing increases, which contributes to higher electrical field 
intensity in the higher height device. However, as the field intensities at the periodic focused 
spots gets higher, the field intensities in the intermediate regions decrease, even below 1 in 
some regions. However, overall there is a gain. Comparing Figure 8b and Figure 8c, the MLA 
height in these two devices is the same at 1000 nm, but (b) has a smaller pitch of 0.6 µm than 
(c) of 1µm. The maximum field intensity of (b) is slightly larger than that of (c), which agrees 
with the observed phenomena. Although the focusing regions are closer for the 0.6 µm pitch, 
portions of the enhanced |E|2 lie in the PEDOT:PSS layer. Thus, there is a trade-off between 
the spatial separation of the focusing spots dictated by the pitch and the location of the focus 
spots within the active layer. The balance of this trade-off determines the optimal MLA 
configuration. 
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Figure 8: Simulated electrical field distribution (for wavelength 610 nm) inside MLA 
devices with (a) p = 0.6 µm, h = 600 nm, (b) p = 0.6 µm, h = 1000 nm, (c) p = 1 µm, h = 
1000 nm. 
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In OPVs based on several contemporary polymers, optimal thicknesses of active-layer 
are smaller as optimized for charge transport; for example, 60~70 nm thickness in devices 
based on PCDTBT. We also fabricated MLA and reference devices with PCDTBT polymer. 
Current-voltage and EQE curves of these devices are plotted in Figure 9 and performance 
parameters are listed in Table 2. MLA devices showed very similar open circuit voltage to the 
reference. However, the Jsc of all MLA devices was higher than the reference. As shown in 
Table 2, the reference has Jsc of 10.03 mA/cm2, and PCE of 5.19%. MLA devices showed 
improvement in Jsc by between 10.47% for 0.6 µm MLA to 10.67% for 1 µm pitch MLA. As 
MLA pitch increased to 1.5 µm, the enhancement increased to 16.95% and then dropped to 
13.86% for 2 µm pitch MLA. The enhancement of PCE in MLA devices also increased from 
5.59% for 0.6 µm pitch to 7.71% for 1 µm pitch, and then peaks to 13.10% for 1.5 µm and 
drops to 11.56% for 2 µm MLA. EQE data shows that the MLAs (1µm, 1.5 µm and 2µm) 
mainly have enhancement in wavelength region of 480 nm – 800 nm. However, there is a drop 
for wavelengths between 400 nm and 460 nm. The enhancement from the 0.6 µm MLA is 
higher in the longer wavelength region of 600 nm – 800 nm than the other MLAs. These results, 
together with the PTB7 results discussed previously, show that OPV systems with very thin 
active layers suffer from poor absorption efficiency and can greatly benefit from optical 
enhancement schemes. 
Table 2 Jsc and PCE of PCDTBT:PC71BM OPV devices for MLAs of different pitch sizes. 
Parameters Reference 0.6 µm 
(H=250nm) 
1 µm 
(H=350nm) 
1.5 µm 
(H=900nm) 
2 µm 
(H=1000nm) 
Jsc (mA/cm2) 10.03 11.08 11.10 11.73 11.42 
Jsc enhancement (%)  10.47 10.67 16.95 13.86 
PCE (%) 5.19 5.48 5.59 5.87 5.79 
PCE enhancement (%)  5.59 7.71 13.10 11.56 
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Figure 9: (a) JV curves and (b) EQE spectra of PCDTBT based reference and MLA devices. 
2.5 Conclusions 
We demonstrate that by adding a MLA layer on the light-facing side of the transparent 
substrate in OPV devices, optical absorption in the active-layers improve due to reduced 
reflection, and increased light path achieved by light focusing and diffraction. Optical field 
intensity increases at periodical spots inside the active layer. All of these effects combine to 
enhance short-circuit currents and power conversion efficiencies. We get around 10% 
enhancements in PTB7:PC71BM devices with MLA pitch size of 0.6 µm, 1 µm, 1.5 µm and 2 
µm, even when the reference devices were high efficiency devices with optimized processing 
conditions. The enhancement generally increases with increasing height of microlenses. When 
the angle of light incidence changes away from the normal, the enhancements for 1 µm, 1.5 
µm or 2 µm pitch MLAs drop slightly, and then increase significantly at large angles. For 0.6 
µm pitch MLA, enhancement increases at all non-normal angles. Simulations using the 
scattering matrix approach support the central experimental observations and provide insights 
into the enhancement mechanisms. The enhancement was as high as 17% in PCDTBT based 
MLA devices. The simple stamping technique to fabricate the MLAs can be scaled readily to 
larger areas. Moreover, the MLA is on the substrate side opposite to the active layer and does 
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not hinder the cell fabrication or electrical characteristics. It is also generally applicable to all 
types of solar cells due to its non-intrusive and external nature. 
Appendix 
 
Figure A1: (a) Global transmission spectra of 1μm pitch MLA substrates with different 
ITO thickness. (b) Spectra of spectral and global transmission in 1 μm pitch MLA substrate. 
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Figure A2: Box plots showing the variation in enhancement of short circuit current and 
power conversion efficiency for PTB7 (a, b) and PCDTBT (c, d) devices. 18 cells were 
tested for each condition. 
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Abstract 
We experimentally and theoretically investigate the effects of utilizing BaTiO3 
nanoparticles as additives in polythiophene:fullerene solar cells. BaTiO3 nanoparticles were 
chosen because of their multifaceted potential for increasing exciton dissociation (due to their 
high dielectric constant) and light scattering. To achieve stable suspensions for device 
fabrication, the nanoparticles were functionalized with organic ligands. Solar cells fabricated 
in air showed  ~40% enhancement in the photocurrent primarily due to string-like aggregates 
of functionalized BaTiO3 particles which increase light absorption without hindering charge 
collection. Solar cells fabricated in inert atmosphere yielded overall more efficient devices, but 
the string-like aggregates were absent and enhancement in photocurrent was up to ~6%. 
Simulations with the excitonic drift-diffusion model demonstrate that a bare nanoparticle 
significantly increases exciton dissociation, whereas the functional group negates this effect. 
Simulations utilizing the scattering matrix method reveal that absorption enhancements caused 
by light scattering increase as the nanoparticles aggregate into string-like structures. These 
results offer insights for morphological design of ternary-blend bulk-heterojunction organic 
solar cells. 
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3.1 Introduction 
Organic photovoltaics (OPVs) have received much attention in recent years as a 
possible renewable energy source and have recently achieved power conversion efficiencies 
more than 10%6. Their low cost, flexibility, and ease of fabrication make them an attractive 
alternative to other photovoltaic options. However, OPVs still have many loss mechanisms 
that need to be addressed in order to be cost competitive with other technologies. These loss 
mechanisms include incomplete absorption, thermalization loss, and exciton and free carrier 
recombination10. Many ternary blends have been investigated with typical bulk heterojunction 
(BHJ) materials such as poly-3-hexyl thiophene (P3HT) and phenyl-C61-butyric acid methyl 
ester (PCBM) in order to address one or more of these losses. For instance, all organic blends 
have been used to enhance absorption in the typical P3HT:PCBM BHJ by adding a squaraine 
dye and utilizing Förster resonance energy transfer58. Another example of an all organic ternary 
blend was the inclusion of high density polyethylene in P3HT:PCBM to facilitate easier 
fabrication processes and improve mechanical properties59. In yet another all-organic ternary 
system, ferroelectric PVDF-TrFE was added to P3HT:PCBM in order to increase exciton 
dissociation60-61. 
Many attempts, though not always successful, have been made to add metallic 
nanoparticles (NPs) to the active-layer in order to increase absorption through light scattering 
and plasmonic enhancements62-63. While the absorption, and even mobility64 were increased in 
some cases, the overall performance was not always enhanced due to increased carrier 
recombination at the polymer – NP interface. 
Ternary blends with semiconducting quantum dots have also been fabricated65-67. 
These quantum dots typically absorb light complimentary to the absorption of the organic 
hosts, allowing absorption of a larger fraction of the solar spectrum, and leading to a possibility 
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of higher output currents. Quantum dots can also be used to sensitize the BHJ to a specific 
wavelength for photodetector applications. However, these quantum dots are typically capped 
with insulating organic ligands, which can hinder charge transport and make electronic 
coupling with the host conjugated-organic matrix challenging.68  
Inorganic oxide NPs have also been investigated as additives in BHJs. Cr2O3 NPs added 
to P3HT:PCBM OPVs led to higher efficiency, which was attributed to a better polymer 
morphology, increased absorption, enhanced electron mobility and reduced hole leakage 
current69. In another study, barium titanate (BTO) NPs were added in a very low concentration 
to P3HT:PCBM in order to increase mechanical robustness of flexible solar cells70. The hard 
ceramic particles prevented the metal contacts from shorting together during bending and 
lamination. Though the fill factor (FF) and short-circuit current (Jsc) reduced slightly with the 
BTO addition, the open circuit voltage increased slightly and thus the overall efficiency was 
more or less the same. The authors concluded that the low concentration of BTO did not 
significantly affect the optoelectronic properties of the device. However, a similar experiment 
with ZnO NPs drastically reduced the solar cell performance70. This was attributed to the 
undesirable conduction band energy level of ZnO that could cause electrons to be trapped on 
the NP.  
In all of these ternary blends, the third phase may affect properties other than the 
intended purpose. For example, many of the plasmonic NPs increase absorption, but can 
introduce trap states and increase recombination62-64. In many of these cases, the third additive 
material can act as a bottleneck for charge transport. Therefore, it is critical to understand and 
optimize the distribution of the ternary phase in BHJ blends. Herein we further study the effects 
of BTO on the optoelectronic properties of P3HT:PCBM solar cells. Coupling simulations and 
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experiments, we investigate how adding a functional group and changing the NP distribution 
affect the OPV properties and performance.  
3.2 Materials and Methods 
We chose BTO as an additive due to its high dielectric constant. It has been shown that 
increasing the dielectric constant of the absorbing layer can increase the exciton dissociation 
efficiency in a BHJ, which can be attributed to reduced exciton binding energy71. The equation 
describing the exciton dissociation rate (adapted from 71) is: 
𝐷𝐷 = 3𝛾𝛾
4𝜋𝜋𝑎𝑎3
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where a is the initial separation distance, EB is the exciton binding energy, kB is the Boltzmann 
constant, T is temperature, X is the exciton concentration, and γ (Langevin recombination 
parameter) and b are: 
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  (6) 
where q is the electron charge, ε is the permittivity of the absorber, μn/p is the electron/hole 
mobility, and E is the electric field strength. While adding BTO is not expected to affect the 
exciton binding energy or permittivity in the polymer, it can alter the built-in electric field (E) 
of the device, thus potentially increasing exciton dissociation at the polymer – BTO interface 
and assisting charge transport. 
3.3 Results 
At the outset, we attempted dispersing 50 nm BTO particles (US Nano) in 1,2 ortho-
dichlorobenzene (DCB), a popular solvent employed for dissolution of OPV active-layer 
materials. After adding the neat BTO particles to DCB and sonicating, the particles appeared 
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well dispersed, but within a few seconds the particles began to aggregate and precipitate. In 
order to prevent aggregation of the BTO particles, they were functionalized with methyl- and 
amine-terminated coupling agents via a silanization process (see methods in SI). After 
sonicating with a probe sonicator, the methyl-functionalized particles stayed suspended in 
DCB for more than one week before notable aggregation and precipitation; whereas the neat 
and amine-functionalized particles aggregated and began precipitating within a few minutes as 
shown in Figure 1a.  
 
Figure 1: a) From left to right: neat, methyl-, and amine-functionalized BTO particles in 
DCB several minutes after sonicating. Schematic of the solar cell device structure b) 
without and c) with BTO particles. d) Photocurrent density versus voltage curves for a 
reference device and devices made with neat (n-BTO) and functionalized (f-BTO) 
particles. Backscattered-electron SEM image for e) n-BTO and f) f-BTO particles, which 
shows string-like aggregates, in P3HT:PCBM. 
As the methyl functionalized BTO (f-BTO) particles showed the best dispersion, these 
particles were chosen to be added to the active-layer of P3HT:PCBM solar cells (structure 
shown in Figure 1b-c). To investigate the effect of the functional group on the composite film, 
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P3HT:PCBM solar cells were fabricated with both neat BTO and f-BTO particles at five 
weight percent (wt. %) additions. These devices were fabricated outside the glovebox so that 
the solutions could be sonicated immediately before use. The current-voltage (I-V) 
characteristics (Figure 1d, Table 1 Set 1) showed a marginal increase (6%) in the Jsc for the 
sample with neat BTO particles and a larger increase (40%) with the f-BTO particles compared 
to a reference cell. Scanning electron microscope (SEM) images of active-layers of these 
samples are shown in Figure 1e-f. The sample with neat BTO particles showed mostly large 
aggregates and a poor distribution of the particles. Since a carrier generated on one side of an 
aggregate would have to travel a long distance around the aggregate to reach the electrode, 
these large aggregates certainly hinder charge collection. This may be the reason for the 
slightly reduced FF (59 vs 62 for the reference) of the sample with neat BTO particles. It is 
interesting that there is still some enhancement in Jsc for the neat BTO sample, which may be 
caused by enhanced exciton dissociation and collection near the small aggregates, or even near 
the edges of the large aggregates. The sample with f-BTO particles showed a few large 
aggregates, but the distribution was much better with small, string-like aggregates, which are 
not as much of a hindrance to charge collection and offers larger enhancement. 
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Table 1. Photovoltaic properties of three exemplary sets of devices.* 
Set Sample Jsc (mA/cm2) Fill Factor PCE (%) 
Set 1 
(Air) 
Reference 5.13 ± 0.17 62.1 ± 0.9 1.87 ± 0.08 
5 wt. % neat BTO 5.47 ± 0.16 59.4 ± 0.5 2.00 ± 0.06 
5 wt. % f-BTO 7.21 ± 0.33 62.9 ± 0.4 2.72 ± 0.14 
Set 2 
(Glovebox) 
Reference 9.43 ± 0.17 55.8 ± 2.6 3.24 ± 0.15 
2.5 wt. % f-BTO 9.53 ± 0.18 53.7 ± 1.6 3.15 ± 0.13 
5 wt. % f-BTO 9.23 ± 0.25 51.1 ± 2.0 2.90 ± 0.16 
10 wt. % f-BTO 9.15 ± 0.19 49.2 ± 1.7 2.76 ± 0.08 
Set 3 
(Glovebox) 
Reference 9.30 ± 0.31 54.6 ± 1.7 3.08 ± 0.14 
2 wt. % f-BTO 9.55 ± 0.25 55.9 ± 3.3 3.27 ± 0.24 
5 wt. % f-BTO 9.88 ± 0.23 51.0 ± 2.2 3.07 ± 0.09 
10 wt. % f-BTO 9.89 ± 0.28 51.7 ± 0.6 3.12 ± 0.05 
*Reported standard deviations based on a sample size of 6. 
 
Since the f-BTO particles stay dispersed for a long time, we continued our study by 
fabricating devices inside a glovebox, which yielded more efficient devices. Solutions with 40 
mg/mL total P3HT:PCBM concentrations in DCB were used with additions of 2.5, 5, and 10 
wt. % of f-BTO particles. The device performance for similarly fabricated devices proved to 
be inconsistent. For one set, the Jsc of the samples with f-BTO particles was more or less similar 
to that of the reference, but the FF suffered leading to decreased power conversion efficiency 
(PCE) (Table 1 Set 2). In the other set, the Jsc increased with f-BTO and, except for the case of 
2 wt. %, the FF reduced (Table 1 Set 3). This behavior led to similar or slightly enhanced PCE 
compared to the reference. Figure 2a-b shows the average I-V curves for both of these sets. To 
further investigate what might be causing these differences between sets, we performed 
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capacitance measurements to investigate the effect of f-BTO particle concentration on trap 
states, used SEM to examine the dispersion of f-BTO particles in the active-layer of the 
devices, and used simulations to study the relationship between the distribution of BTO 
particles and optoelectronic properties of devices. 
 
Figure 2: a) Photocurrent density versus voltage curves for a set of devices showing a 
decrease in FF with f-BTO particle additions and b) curves for similarly fabricated devices 
showing an increase in Jsc. c) Density of trap states for devices containing 2.5, 5, and 10 
wt. % f-BTO. d), e), and f) Backscattered-electron SEM images for active-layers 
containing 2.5, 5, and 10 wt. % f-BTO, respectively. 
We characterized capacitance as a function of frequency for samples with different f-
BTO loadings. The equivalent circuit was properly chosen for different frequency regimes 
(series-model at high frequency and parallel-model at lower frequency) and the density of trap 
states was calculated using methods reported elsewhere72-73. The addition of the f-BTO 
particles clearly increases the density of trap states as shown in Figure 2c. The trap states likely 
stem from a disruption in the electronic environment at the interface of the functional group 
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and P3HT:PCBM. The extra trap states can lead to increased recombination and hinder charge 
collection, which can partially be the reason behind reduced FF in f-BTO devices. 
Figure 2d-f shows the SEM images of P3HT:PCBM active-layers with different 
loadings of f-BTO particles. We observed some large aggregates in all samples and a different 
microstructure than the samples fabricated in air. The f-BTO particles in this set were better 
dispersed and did not show string-like aggregation that the samples fabricated in air showed 
(Figure 2f). As the loading increased from 2.5 to 10 wt. %, the amount of small aggregates 
increased, however, the string-like aggregates observed in the air-fabricated sample were 
absent. We hypothesized that stirring, due to its directional motion, might cause anisotropic 
aggregates to form. While stirring for longer times did increase the amount of aggregates 
(Figure A1 in the appendix), we were unable to replicate the string-like aggregates which 
showed the largest enhancement. 
3.4 Excitonic Drift-Diffusion Model 
To further understand the impact of a high dielectric constant nanoparticle on the 
optoelectronic properties, we performed simulations using the excitonic drift-diffusion 
model74-76 (see methods in the appendix). While this simulation neglects the effect of trap 
states, it provides insight into the electric field distribution, exciton dissociation, and current 
densities in the active-layer. To simplify the simulations, we used a P3HT – PCBM bilayer and 
placed the particle in the P3HT domain since very few excitons are generated in the PCBM. 
The dimensions are chosen (shown in Figure 3a) so that the 50 nm particle takes up ~3% of 
the total volume. This is in good agreement with experiment since f-BTO additions of 2.5, 5, 
and 10 wt. % lead to ~1.1, 2.1, and 4.2 % f-BTO by volume (vol. %) due to the difference in 
densities of P3HT (1.1 g/cm3), PCBM (1.5 g/cm3), and BTO (6.02 g/cm3). The reported 
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dielectric constant of nanocrystalline BTO varies widely (~80-1000) depending on the crystal 
size and the synthesis and measuring techniques.77-82 Our initial simulation of a particle with a 
relatively conservative dielectric constant of 150 showed a large enhancement in Jsc (6.3 
mA/cm2 compared to 3.6 mA/cm2 for the reference). This increase in current (Figure 3b-d) is 
primarily attributed to increased exciton dissociation at the particle-polymer interface (Figure 
A2 in the appendix). This simulation, however, was for a neat NP with no functional group. 
To more accurately simulate the functionalized particles used in our experiments, simulations 
were done with an insulating, low dielectric constant layer of 3 nm thickness added to the 
particle. This layer proved to negate the benefit of extra exciton dissociation completely as 
shown in Figure A2 in the appendix. The simulation still showed a very slight enhancement in 
PCE due to the electric field strength being higher in the active-layer (Figure A3 in the 
appendix), which assisted charge transport. While the neat NP shows a large increase in Jsc, it 
has a significantly reduced FF. The reasons are twofold: 1) as the cell voltage increases, the 
induced electric field around the particle decreases. For the case with the neat NP, the weaker 
electric field diminishes the dissociation effect of the high dielectric constant particle; 2) With 
weaker electric field, the charges generated around the particle cannot be transported 
efficiently which also results in higher recombination due to increased local charge density. 
Because the enhancement in exciton dissociation and charge collection are reduced with 
forward bias, so is the current enhancement.  
38 
 
 
 
 
Figure 3: a) The chosen geometry for the simulation. b) Simulated photocurrent density 
versus voltage curves for a reference device, functionalized particle, and neat particle. c) 
and d) hole and electron current density (A/m2) contour plots at short circuit, respectively, 
for left: a reference, middle: functionalized particle, and right: neat particle. 
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3.5 Optical Effects 
Learning that the functional group necessary to achieve a reasonable dispersion largely 
negates the enhancement in exciton dissociation, we investigated if the f-BTO particles can 
increase photocurrent due to enhancement in optical absorption. As BTO has a wide band-gap 
and does not absorb visible light, it is expected that less light will be absorbed in the active-
layer unless the particles cause significant scattering due to the refractive index contrast 
between the organic material and the particles. Since the particles are small compared to the 
wavelength of visible light, the scattering is expected to be small. However, as the particles 
begin to aggregate so that their extent in at least one dimension approaches visible 
wavelengths, the scattering should increase. By comparing the global and specular 
transmissions, we can evaluate if light scattering is occurring. As any scattered light should be 
captured in the global measurement, we expect the global transmission to be higher than the 
specular transmission if any scattering is occurring. As shown in Figure 4, the global and 
specular transmissions are similar for the reference and 2.5 wt. % f-BTO samples. The sample 
with 5 wt. % shows a very small increase in global transmission compared to specular and the 
sample with 10 wt. % shows a larger increase. As these samples showed more aggregation, we 
expect scattering to be more. The samples with f-BTO particles also showed slightly lower 
overall transmission compared to the reference. We found that the thickness (measured via 
SEM cross sections) of the active-layer increased from 213 ± 6.7 nm for the reference device 
to 256 ± 19.8 nm, 273 ± 21.5 nm, and 274 ± 32.8 nm for 2.5, 5, and 10 wt. % f-BTO particle 
additions, which reduces the total transmission. To get a better sense of how the NP distribution 
affects absorption, we performed optical simulations using the rigorous scattering matrix (SM) 
method83-84. 
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Figure 4: Measured a) global and b) specular transmission curves for a P3HT:PCBM 
reference device and devices with 2.5, 5, and 10 wt. % f-BTO particles. 
3.6 Optical Modeling 
As the SEM images for the best performing f-BTO based devices show strings of NPs 
within the active-layer, we adopted cuboids of dielectric material to model the NP aggregates. 
These NP strings were employed in the square lattice for computational ease, which allowed 
us to calculate the filling fraction of the NP strings relative to the organic material. We 
simulated single NP strings as well as multiple strings in a 300 nm thick active-layer of the 
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solar cell. The former provided a lower loading (< 2 vol. %) as compared to the latter. The 
position of the NP strings in the z-direction was optimized for a single string to maximize the 
enhancement, as shown in Figure 5a. For a lattice pitch (a) of 300 nm, and NP string width (w) 
and length (l <  a) of ~50 nm and ~250 nm respectively, the maximum enhancement was 
obtained when string is z2 ~ 170 nm away from the organic-metal interface (Figure 5b). This is 
consistent with the standing wave formation theory, which suggests that the string should be 
either λ/4norg or 3λ/4norg away from the organic-metal interface, where the electric field 
intensity is the largest85. By taking into account the width of the NP string and penetration of 
the field inside the metal (~20 nm), this distance is ~170 nm, corresponding to three quarters 
of the wavelength inside the organic material (3λ/4norg). It is to be noted that there is another 
weak maxima at z2 ~ 40 nm which corresponds to the expected quarter wavelength in organic 
material (λ/4norg), but this positioning of NP string is too close to the organic-metal interface, 
and we did not see high absorption enhancement for this position.   
 
Figure 5: a) Side view of the solar cell with single NP string at an optimum distance of z2 
= 170 nm. The NP string is illustrated in light blue color. The background color represents 
the organic layer. b) Photocurrent and weighted absorption enhancement as a function of 
distance of string from calcium (z2) electrode. c) Photocurrent and weighted absorption 
enhancement as a function of length (l) of NP string. 
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For a single NP string, we decreased l from 250 nm to 50 nm, which is equivalent to 
changing the string to a single NP. The enhancement in photocurrent and weighted absorption 
(<Aw>) as a function of string length is plotted in Figure 5c. We see that as the string length 
decreases, the photocurrent enhancement goes down from ~2.1% to ~0.3% because of the less 
scattering of light by the NPs. This supports the better performance of solar cells where NPs 
form aggregates as opposed to the cells with discrete NPs. The photocurrent enhancement 
exceeds that of the weighted absorption since the photocurrent preferentially weighs the longer 
wavelengths (Eq. 21 in the appendix), where larger enhancements are found (see the EQE 
enhancement in A6 in the appendix). To calculate the enhancement in photocurrent and 
weighted absorption, the reference flat cells have the same volume of absorber material as in 
the cell with NP strings. 
In order to obtain a higher loading (~ 3 vol. %), we simulate three equidistant NP strings 
of the same length separated by distance b in the active-layer of the solar cell (Figure 6a). For 
the simulations with multiple strings, the optimum string length is ~500 nm, which is close to 
the wavelength region of interest over which light scattering occurs. We varied the lattice 
period (a) from 600 nm to 1500 nm in order to obtain a loading ranging from ~3% to ~0.5%, 
similar to that in the experiments. The enhancement increases linearly with loading (Figure 
6b). For loading ~ 3%, the photocurrent and weighted absorption enhancements are 3% and 
2.1%, respectively. The enhancement is due to the scattering of light by the NP strings. As 
loading decreases, the enhancement goes down linearly as there is less scattering of light by 
the NPs. The scattering of light is proportional to the refractive index contrast between the 
dielectric and the organic, which at optical wavelengths is not very high (2.4/1.8 ~ 1.33), 
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thereby limiting the amount of absorption enhancement. The large dielectric constant of BTO 
does not play a role in absorption enhancement at optical frequencies.  
 
Figure 6: (a) Top view of three equidistant NP strings within the organic layer. (b) 
Photocurrent and weighted absorption enhancement as a function of filling fraction of the 
NP strings. 
To see how the NP strings behave as they form aggregates, we varied the spacing (b) 
between the two strings on either side of the central string for a constant lattice period of 600 
nm and string length of 500 nm. When the three NP strings are touching each other (b~50 nm) 
as shown in Figure 7a, the maximum JSC enhancement of ~3% is obtained (Figure 7b). It is to 
be noted that when the distance (b) of the strings on either side of the central string reaches 
~275 nm, the JSC enhancement again goes to ~3%. This corresponds to the geometry when the 
two NP strings touch each other along the square lattice boundary to form aggregates. The 
larger enhancement with the NP aggregates is due to higher light scattering. There is a weak 
maximum in the enhancement for intermediate separation of b~130 nm, which corresponds to 
a separation of ~340 nm of the strings in adjacent unit cells in the y-direction. This weak 
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maximum may be due to the optical separation between the strings approaching the wavelength 
of red photons (~ λ/norg) inside the organic layer, which may enhance the optical scattering. 
 
Figure 7: (a) Top view of the nanoparticle strings in the organic layer when they touch each 
other. (b) Photocurrent and weighted absorption enhancement as a function of separation 
(b) between the nanoparticle strings. 
3.7 Conclusions 
In summary, we investigated the addition of both neat and functionalized BTO particles 
to P3HT:PCBM based solar cells. The neat BTO particles showed mostly large aggregates 
while the f-BTO particles exhibited two distinct morphologies: 1) long, string-like aggregates 
and 2) small agglomerates of nanoparticles. The morphologies with string-like aggregates 
demonstrated a 40% increase in photocurrent due to a balance of increased light scattering and 
optimal charge collection. The other morphology with low-level aggregation demonstrated 
only a slight enhancement in Jsc and was typically accompanied by reduced FF, which was 
attributed to increasing trap states with f-BTO particle additions.  
Our simulation using the excitonic drift-diffusion model demonstrated that the functional 
group completely negates the large enhancement in exciton dissociation found with the neat 
nanoparticle. The increase in electric field strength, though, assists carrier transport and leads 
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to slightly enhanced performance. Optical scattering matrix simulations demonstrate 
increased light scattering with string-like aggregates, and enhanced photocurrents, consistent 
with experimental results of solar cell enhancements. For aggregated nanoparticles, both 
optical simulations and transmission measurements show increased light scattering that 
increases with the aggregate weight fraction. Even more light scattering may occur in full 
devices due to more roughness of the metal electrode caused by the particles. Future works 
could include developing techniques to disperse neat particles, discovering conducting or 
high dielectric constant coupling agents, or finding techniques to remove the coupling agent 
via post-processing without disturbing the active-layer. 
Appendix 
Supplementary Figures 
 
 
Figure A1: Three active layers with 5 wt. % f-BTO deposited a) immediately after 
sonication, b) after 2 minutes of stirring, and c) after 4 days of stirring. The amount of 
aggregation increases, but long string-like aggregates are absent. 
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Figure A2: Simulated exciton dissociation rates on a log scale (Unit: m-2s-1). Note the high 
rate at the particle surface in c). 
 
Figure A3: The electric field strength in the device (Unit: MV/m). 
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Figure A4: Simulated recombination rates on a log scale (Unit: m-2s-1). The non-
functionalized particle case shows more recombination due to the significantly increased 
free carrier concentration. 
 
Figure A5: a) Dark current-voltage curve of samples from set 3 (represented in Figure 2b). 
Samples with 5 and 10 wt% f-BTO are showing more shunt current which can also be a 
contributor to the reduction in FF of these samples. b) Dielectric constant vs. frequency 
curves for the samples in set 2 (shown in Figure 2a). The BTO additions increase the 
dielectric constant across the measured frequency range (10 Hz to 200 kHz). We would 
expect the 10% case to be higher than the 5% even at high frequency. However, the 
thickness is used in this calculation, and the deviation in measured thickness also increased 
with BTO additions. It is possible that the actual thickness of the contact is slightly different 
than the measured thickness. 
48 
 
 
 
 
Figure A6: a) External quantum efficiency (EQE) of a single contact from each of the 
devices in set 3 (shown in Figure 2b). The faded lines show the integrated photocurrent 
(right axis). b) The enhancement in EQE relative to the reference device showing a peak 
in enhancement at longer wavelengths (620-680 nm) near the absorption edge for all 
samples. 
Simulation Methods Using the Excitonic Drift-Diffusion Model: 
1. Governing equations 
The excitonic drift-diffusion model consists of equations for exciton (𝑋𝑋), electron (𝑑𝑑), 
and hole (𝑝𝑝) distribution and the electric potential (𝜙𝜙). The governing equations are shown 
below. 
𝛻𝛻 ∙ (𝜖𝜖𝜖𝜖0𝛻𝛻𝜙𝜙) = 𝑞𝑞(𝑑𝑑 − 𝑝𝑝)                                                                    (7) 
𝛻𝛻 ∙ 𝑱𝑱𝑛𝑛 = −𝑞𝑞𝐷𝐷 + 𝑞𝑞𝑞𝑞                                                                                      (8) 
𝛻𝛻 ∙ 𝑱𝑱𝑝𝑝 = 𝑞𝑞𝐷𝐷 − 𝑞𝑞𝑞𝑞                                                                                      (9) 
𝛻𝛻 ∙ (𝑉𝑉𝑡𝑡𝜇𝜇𝑋𝑋𝛻𝛻𝑋𝑋) − 𝐷𝐷 − 𝑞𝑞[𝑋𝑋] = −𝐺𝐺 − 𝑞𝑞                                                                        (10) 
where the free charge carrier fluxes are expressed as 
𝑱𝑱𝑛𝑛 = −𝑞𝑞𝑑𝑑𝜇𝜇𝑛𝑛𝛻𝛻𝜙𝜙 + 𝑞𝑞𝑉𝑉𝑡𝑡𝜇𝜇𝑛𝑛𝛻𝛻𝑑𝑑                                                                (11) 
𝑱𝑱𝑝𝑝 = −𝑞𝑞𝑝𝑝𝜇𝜇𝑝𝑝𝛻𝛻𝜙𝜙 − 𝑞𝑞𝑉𝑉𝑡𝑡𝜇𝜇𝑝𝑝𝛻𝛻𝑝𝑝                                                                 (12) 
In this set of equations, 𝜀𝜀 is the relative dielectric constant, 𝜀𝜀0 free space permittivity, 
𝑞𝑞 is the elementary charge, 𝜇𝜇𝑛𝑛, 𝜇𝜇𝑝𝑝 and 𝜇𝜇𝑋𝑋 denote the mobilities for electron, hole, and exciton, 
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respectively, and the thermal voltage, 𝑉𝑉𝑡𝑡 = 𝑘𝑘𝐵𝐵𝑇𝑇, where 𝑘𝑘𝐵𝐵 is the Boltzmann constant, 𝑇𝑇 the 
temperature. The Poisson equation (Eq. 7) incorporates the external applied electric field and 
the effect of electron and hole distribution on the electric potential 𝜙𝜙, the drift-diffusion 
equations (Eq. 11 and 12) describe the transportation of electron and hole under electric field 
and density gradient, and Eq. 10 represents the diffusion of excitons. 
In this model, the exciton generation rate is a constant value. The dissociation is 
considered to be field-assisted type and the dissociation rate 𝐷𝐷 according to Onsager-Braun 
model86 is   
𝐷𝐷 = 3𝛾𝛾
4𝜋𝜋𝑎𝑎3
𝑒𝑒−𝐸𝐸𝑏𝑏/𝑘𝑘𝐵𝐵𝑇𝑇 𝐽𝐽1(2√−2𝑏𝑏)
√−2𝑏𝑏
𝑋𝑋 = 3𝛾𝛾
4𝜋𝜋𝑎𝑎3
𝑒𝑒
−
𝐸𝐸𝑏𝑏
𝑘𝑘𝐵𝐵𝑇𝑇(1 + 𝑏𝑏 + 𝑏𝑏2
3
+ 𝑏𝑏3
18
+ ⋯ )𝑋𝑋                           (13) 
where 𝐸𝐸𝑏𝑏 = 𝑞𝑞2/(4𝜋𝜋𝜖𝜖𝜖𝜖0𝑎𝑎) is the exciton binding energy, 𝑏𝑏 = 𝑞𝑞3|𝛻𝛻𝜙𝜙|/(8𝜋𝜋𝜖𝜖𝜖𝜖0𝑘𝑘𝐵𝐵2𝑇𝑇2)  the field 
parameter, 𝑎𝑎 the electron-hole pair separation and 𝐽𝐽1 the first order Bessel function. The 
excitons can only dissociate within a thin layer of 2 nm thickness at the donor/acceptor 
interface and dielectric particle surface and thus calculated according to Eq. (13). Otherwise, 
𝐷𝐷 = 0. The recombination rate of geminate pair is  
𝑞𝑞 = 𝛾𝛾𝑑𝑑𝑝𝑝                                                                         (14) 
The Langevin recombination parameter87, 𝛾𝛾 = 𝑞𝑞
𝜖𝜖𝜖𝜖0
�𝜇𝜇𝑛𝑛 + 𝜇𝜇𝑝𝑝�. The exciton relaxation, 𝑞𝑞[𝑋𝑋] =
𝑋𝑋/τ𝑋𝑋, where 𝜏𝜏𝑋𝑋 is the average lifetime of exciton. 
2. Boundary conditions 
It is assumed that the cathode and anode line up with the conduction and valence band, 
respectively, the boundary conditions88 for the charge densities are given by  
𝑑𝑑[𝐶𝐶] = 𝑁𝑁𝐶𝐶                                                                           (15) 
𝑝𝑝[𝐶𝐶] = 𝑁𝑁𝑉𝑉𝑒𝑒𝑒𝑒𝑝𝑝 (−𝑉𝑉𝑏𝑏𝑏𝑏𝑞𝑞𝑉𝑉𝑡𝑡 )                                                                 (16) 
for the cathode, and 
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𝑑𝑑[𝑉𝑉] = 𝑁𝑁𝐶𝐶𝑒𝑒𝑒𝑒𝑝𝑝 (−𝑉𝑉𝑏𝑏𝑏𝑏𝑞𝑞𝑉𝑉𝑡𝑡 )                                                                (17) 
𝑝𝑝[𝑉𝑉] = 𝑁𝑁𝑉𝑉                                                                                         (18) 
for the anode. Here, 𝑉𝑉𝑏𝑏𝑏𝑏(= 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝𝑡𝑡𝑎𝑎𝑎𝑎 − 𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿𝑑𝑑𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎) is the built-in potential and  𝑁𝑁𝐶𝐶 , 𝑁𝑁𝑉𝑉 
denote the effective density of states of conduction and valence band, respectively. The 
boundary condition for electric potential at the electrodes is given by 
𝜙𝜙𝐶𝐶 − 𝜙𝜙𝑉𝑉 = 𝑉𝑉𝑏𝑏𝑏𝑏 − 𝑉𝑉𝑎𝑎                                                                           (19) 
where 𝑉𝑉𝑎𝑎 is the applied voltage, 𝜙𝜙𝐶𝐶/𝑉𝑉 are the conduction and valence band potential, 
respectively. On the top and bottom surfaces, the density of exciton is set to be zero. 
Zero boundary conditions are employed for 𝛻𝛻𝜙𝜙, 𝛻𝛻𝑋𝑋,  𝐽𝐽𝑛𝑛 and 𝐽𝐽𝑝𝑝 on the side surfaces. 
3. Computational set-up 
The geometry of the simulated active layer is shown in Figure 3. The parameters used 
in the simulations are tabulated in Table A1. When there is a high-k particle, it is placed in the 
donor region and its diameter is chosen to be 50 nm which makes the particle approximately 
3% of the total volume. 
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Table A1. Parameters used for the excitonic drift-diffusion simulations 
Name Symbol Numerical Value Unit 
Exciton generation rate 𝐺𝐺 5 × 1028 𝑚𝑚−3𝑑𝑑−1 
Electron effective density of states 𝑁𝑁𝐶𝐶 2.5 × 1025 𝑚𝑚−3 
Hole effective density of states  𝑁𝑁𝑉𝑉 2.5 × 1025 𝑚𝑚−3 
Electron zero-field mobility89 𝜇𝜇𝑛𝑛 2 × 10−7 𝑚𝑚2𝑉𝑉−1𝑑𝑑−1 
Hole zero-field mobility89 𝜇𝜇𝑝𝑝 1.5 × 10−7 𝑚𝑚2𝑉𝑉−1𝑑𝑑−1 
Exciton mobility90 𝜇𝜇𝑋𝑋 3.9 × 10−9 𝑚𝑚2𝑉𝑉−1𝑑𝑑−1 
HOMO energy of P3HT91 𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝𝑡𝑡𝑎𝑎𝑎𝑎 −5.2 𝑒𝑒𝑉𝑉 
LUMO energy of PCBM92 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑑𝑑𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎 −3.9 𝑒𝑒𝑉𝑉 
Free space permittivity 𝜖𝜖0 8.8542 × 10−12 𝐴𝐴2𝑑𝑑4𝑘𝑘𝑘𝑘−1𝑚𝑚−3 
Relative dielectric constant of donor 𝜖𝜖𝑑𝑑 3.0 − − 
Relative dielectric constant of acceptor 𝜖𝜖𝑎𝑎 3.4 − − 
Average exciton lifetime 𝜏𝜏𝑋𝑋 1 × 10−6 𝑑𝑑 
Boltzmann constant 𝑘𝑘𝐵𝐵 1.38065 × 10−23 𝑚𝑚2𝑘𝑘𝑘𝑘𝑑𝑑−2𝐾𝐾−1 
Room Temperature 𝑇𝑇 300 𝐾𝐾 
Elementary charge 𝑞𝑞 1.60218 × 10−19 𝐴𝐴𝑑𝑑 
Electron-hole separation distances             𝑎𝑎 1.8 × 10−9           𝑚𝑚 
 
Scattering Matrix Method: 
We use the rigorous scattering matrix (SM) method83-84 where Maxwell’s equations are 
solved in Fourier space, i.e. in a basis of plane waves for both polarizations. We divide the 
solar cell into slices in the z-direction wherein the dielectric function depends periodically on 
x and y. We obtain the SM for the entire structure by integrating the Maxwell’s equations with 
continuity boundary conditions. The SM yields the total reflectance R (including diffraction), 
transmittance T (~0) and absorbance A ( 1 R T= − − ) at each wavelength. This SM technique 
has advantages over real-space methods of being able to simulate fully 3D geometries, without 
added memory requirements, since a real space grid is unnecessary. The SM method is fully 
parallelized with each frequency being sent to a different processor. We characterize solar 
architectures by their broadband weighted absorption <AW>, weighted by the AM1.5 solar 
intensity 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
, and the idealized short circuit current JSC, where 
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< 𝐴𝐴𝑤𝑤 >= ∫ 𝐴𝐴(𝑚𝑚) 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  𝑑𝑑𝑚𝑚 𝑑𝑑2𝑑𝑑1 , (20) 
𝐽𝐽𝑆𝑆𝐶𝐶 = 𝑎𝑎ℎ𝑎𝑎 ∫ 𝑚𝑚𝐴𝐴(𝑚𝑚) 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  𝑑𝑑𝑚𝑚 𝑑𝑑2𝑑𝑑1 . (21) 
The spectral range of absorption is from λ1=400 nm to λ2=700 nm appropriate for 
P3HT-PCBM with a HOMO-LUMO splitting of 1.77 eV. Ideal internal quantum efficiency is 
assumed in simulations. Convergence was easily achieved with ~300 plane waves for each 
polarization, corresponding to a matrix size of 600. We utilize measured wavelength dependent 
refractive indices (n + ik) for ITO, Al93, BaTiO394, and P3HT-PCBM95. At optical wavelengths 
there is no absorption for BaTiO3 (k=0). To compute the organic layer absorption only, we 
neglect ITO absorption, and use nearly ideal loss-less metal85, 96. By adopting this approach, 
we consider the absorption of photons only in the active layer. The absorption of photons in 
any other layer cannot contribute to the photocurrent.  
Experimental Methods 
BTO functionalization and dispersion: The 50 nm barium titanate nanoparticles (US 
Nano) were functionalized by reacting the surface hydroxyl groups with p-
tolyltrimethoxysilane (p-TTMS) (Gelest). First, 0.5g of p-TTMS was dissolved in 11 mL of 
toluene in a three-neck round-bottom flask equipped with a nitrogen inlet and condenser. The 
barium titanate powder was dried in a vacuum oven at 150 °C for 4 hr and 2g was subsequently 
added to the p-TTMS solution. The solution was sonicated to disperse the barium titanate and 
then refluxed for 24hr under nitrogen. The solution was then filtered, washed with toluene, and 
dried overnight in a vacuum oven. This yielded methyl functionalized BTO particles. The 
process was repeated with p-aminophenyltrimethoxysilane to obtain amine functionalized 
particles. 
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The BTO particles were dispersed in dichlorobenzene using a Virtis Virsonic 100 
ultrasonic cell disruptor. Dispersion concentrations ranged from 5 to 10 mg/mL of BTO in 
orthodichlorobenzene (DCB). Approximately 5 mL of the dispersion was sonicated in a small 
vial with a 1/8” probe. The sonicator was pulsed (to prevent heating and boiling of the solvent) 
by hand for a few minutes with a power of 10-15 watts.  
Solar cell fabrication: ITO slides (Delta Technologies CB-50IN-0107) were 
sequentially sonicated in detergent (alconox), deionized water, and isopropanol for a minimum 
of 10 minutes each. They were then blown dry with nitrogen and heated to 100°C on a hot 
plate for 5 minutes. Then the slides were exposed to an air plasma for 5 minutes.  
PEDOT:PSS (Clevios P VP AI 4083) was heated to 80°C on a stir plate before 
deposition. It was spincoated on the cleaned ITO substrate at 4000 rpm for 60s and then 
annealed on a hot plate at 150°C for 20 minutes. After annealing, the substrates were moved 
into the glovebox.  
Poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM) were purchased from Organic Nano Electronic Material (1-Material) and used as 
received. P3HT and PCBM were dissolved in DCB in a 1:1 ratio with a total concentration 
between 70 and 90 mg/mL. These solutions were allowed to stir at 70°C for a minimum of one 
day before use. Before spincoating, the P3HT:PCBM was diluted with either neat or BTO-
containing DCB. The total concentration of P3HT:PCBM after dilution was 40 mg/mL.  
The active layer was spincoated onto the PEDOT:PSS covered ITO substrates at 500 
rpm for 40s. Immediately after spincoating, the sample was placed under a petri dish to slow 
the evaporation of solvent. After the films were completely dried, they were annealed at 110°C 
for 10 minutes. Then, the samples were loaded into a thermal evaporator where 20 nm of 
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calcium and more than 80 nm of aluminum were deposited. Each substrate had six contacts, 
each with an area of 0.125 cm2.  
Light I-V: Current density – voltage curves were acquired using a Keithley 2400 
source meter while under illumination. An ELH quartzline lamp, calibrated with a crystalline 
silicon photodiode coupled with a KG-5 filter, provided the simulated 100 mW/cm2 AM1.5 
light.  
Capacitance: Capacitance was measured using a Hioki IM 3533-01 LCR meter. The 
modulation voltage was 50 mV for all cases. The frequency ranged from 1 Hz to 200 kHz with 
150 points on a log scale. A trigger delay and point delay of 0.01s was used, and 4 points were 
averaged at every frequency. For the density of trap state measurement, no DC bias was 
applied. To obtain the dielectric constant, the samples were reverse biased at -3V in order to 
reach the geometric capacitance and remove effects from trap states in the capacitance-
frequency curve. 
Transmission: Specular transmission was measured using a Cary 5000 UV-Vis-NIR 
spectrophotometer. The global transmission was measured using an integrating sphere and 
optical fiber coupled spectrometer (Ocean Optics).  
SEM: All scanning electron microscope (SEM) images were acquired using an FEI 
Quanta 250 FE-SEM in high vacuum mode. All samples were sputtered with 2 nm of iridium 
before imaging. A spot size of 3 and accelerating voltage of 10 kV were used to acquire the 
shown backscattered electron images. 
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Abstract 
The performance of organic solar cells is strongly dependent on the morphology of the 
bulk heterojunction active layer. There has been intense efforts to identify and quantify 
morphological traits that correlate with various stages of the photo physics. While it is 
generally accepted that donor domain size affects exciton dissociation efficiency and 
connectivity affects charge collection, identifying morphology trait(s) that correlate with fill 
factor and total efficiency have remained elusive. In this work, we utilize correlation analysis 
on a large set of two dimensional bulk heterojunction morphologies to identify traits that are 
correlated with fill factor and efficiency. A large dataset of bulk heterojunction morphologies 
using a phase-field model of phase separation was first created. A comprehensive suite of 
morphology descriptors were evaluated for each of these morphologies using a recently 
developed graph based approach. Following this, a morphology aware excitonic-drift-diffusion 
based device model was used to compute current-voltage curves, fill factors, efficiencies as 
well as spatial distributions of exciton generation, dissociation, and charge collection for each 
of the morphologies. We find that (for a given material system with a specified HOMO-LUMO 
gap, and assuming perfect contact with electrodes) device efficiency primarily depends on the 
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short circuit current, and has almost no dependence on the fill factor. Interestingly, we find that 
the fill factor is largely insensitive to many of the investigated descriptors. It is only weakly 
dependent on the contact area mismatch – the difference between the fraction of anode in direct 
contact with donor and the fraction of cathode in direct contact with acceptor. The fill factor is 
maximized when this quantity is nearly balanced. Since morphologies with a higher fraction 
of the electrodes in contact with the desirable material show higher short circuit current, we 
conclude that designing morphologies for a high short circuit current will necessarily lead to 
reasonably high fill factors.   
4.1 Introduction 
Organic solar cells offer an attractive alternative to inorganics due to their potential low 
cost, solution processability, light weight, and flexibility. The efficiency of organic 
photovoltaic cells is now more than 10%97, thus making them commercially viable, at least for 
specific niche applications and markets or in conjunction with other devices. It is now 
understood that the morphology of the active layer has a substantial impact on the photovoltaic 
performance98-101. Several experimental studies have explored the impact of varying 
morphological features on the photovoltaic performance, specifically the current-voltage (J-V) 
curve102-104. Morphology, in each of these cases, is varied by changing the processing protocol 
-- by using different solvents105, solvent additives21-22, 106, solvent annealing18-20, 107, and 
thermal annealing15-17, 99. By changing the degree of crystallinity, domain sizes of the donor 
and acceptor phases, as well as the amount of donor-acceptor interface, researchers were able 
to identify morphological features influencing exciton dissociation and charge collection99, 106, 
108-109. This has enabled subsequent optimization and control of processing parameters that 
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result in desired morphological features thus producing higher performance active layers and 
devices100, 103.  
In spite of these advances, identification of morphological features that are correlated 
with the fill factor and total efficiency has remained challenging98, 110. This is challenging due 
to several factors, including (a) the possibly non-linear and inter-dependent impact of multiple 
morphological features on these quantities, (b) the dependence on morphological features that 
are potentially difficult to characterize or measure, and (c) the difficulty in experimentally 
exploring these process-structure-property relationships, especially given a large set of 
possible processing conditions. Motivated by these challenges, we deploy a computational 
approach that utilizes correlation analysis – on a suite of morphological features extracted from 
a large dataset of representative bulk heterojunction morphologies, along with the simulated 
current-voltage characteristics of this set of representative morphologies – to identify 
morphological features that show promising correlation with the fill factor and total efficiency.  
This work integrates and builds upon three distinct aspects of research threads 
pertaining to organic photovoltaics: (a) modeling the evolution of bulk heterojunction 
morphologies during processing and annealing conditions111-113, which is used to create a large 
dataset of representative morphologies; (b) graph-based analysis of morphologies111, 114-117, 
which is used to extract a suite of morphology descriptors that describe each morphology; and 
(c) morphology-aware device models based on solving the excitonic drift-diffusion 
equations74-76, which is used to generate the current–voltage curves. By using high 
performance computing resources and integrating these three aspects, we are able to construct 
a dataset of morphologies, a set of descriptors for each morphology, and the device 
characteristics of each morphology. Simple data analysis is then used to identify specific 
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morphological features with promising correlations with short circuit current, fill factor and 
total efficiency.  
4.2 Methods 
Morphology dataset creation: We used our in-house, validated simulation software 
that models morphology evolution to create a large dataset of representative morphologies. 
This in-house software is a finite element framework to model multi-physics (evaporation, 
substrate, fluid shear) driven morphology evolution in multi-component systems that describe 
the active layer in organic solar cells. This framework generates snapshots of the morphology 
by modeling the evolution of the morphology under the effect of processing conditions. We 
used this framework to simulate the evolution of a binary system undergoing thermal annealing 
in 2D. The binary system consists of an electron donor material and an electron acceptor 
material. The system undergoes phase separation in response to thermal annealing. The free 
energy for this system is described by the Flory-Huggins free energy system112-113. We consider 
a computational domain of size 800nm x 200nm. A total of 2000 unique morphologies 
exhibiting a variety of domain sizes and interfacial areas were selected to populate the dataset. 
Figure 1 illustrates several representative morphologies that are produced as a result of these 
simulations. 
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Figure 1: A representative set of morphologies with a wide range of short circuit 
current densities (a) 6.7, (b) 7.2, (c) 9.5, (d) 10.3, (e) 12.3, and (f) 16.6 A/m2, as 
calculated by the drift-diffusion model.   
Extracting morphology traits: We utilize a recently developed framework that can 
extract a comprehensive suite of morphological descriptors. It is based on a graph-based 
framework to efficiently construct a broad suite of physically meaningful descriptors. These 
descriptors are classified according to the physical sub-processes of exciton generation, exciton 
diffusion, charge separation and charge transport. This approach is motivated by the 
equivalence between a discretized morphology and a labeled, weighted, undirected graph. A 
detailed discussion of this methodology is provided in Wodo et. al115. We extract and annotate 
each morphology by a large suite of descriptors. Particularly promising descriptors were: (i) 
fraction of domain that can absorb incident radiation weighted by the exciton generation profile 
(to characterize absorption), (ii) (Gaussian weighted) average distance from any donor region 
to the donor-acceptor interface (to characterize dissociation), and (iii) contact area of 
preferential material with respective electrode (to characterize charge transport). Earlier work 
has shown that the product of these absorption, dissociation, and charge transport descriptors 
can be used as a predictor for the short circuit current114. We chose around 100 morphologies 
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with a relatively high short circuit current predictor to eliminate very poor morphologies (for 
instance with several islands). We then calculated the current-voltage curves for these 100 
morphologies. Other morphological features we extracted include: donor/acceptor interface 
area, fraction of interface pixels with complementary paths to both electrodes, the 
directionality of the donor/acceptor interfaces, fraction of each electrode covered with 
desirable material, path lengths from interface to electrodes, and finally the tortuosity of the 
carrier pathways to electrodes.  
Computing device characteristics: We utilize our in-house module that simulates the 
device physics of a given morphology to compute the current-voltage operation 
characteristics75. This in-house software is based on a finite element based solution strategy to 
the excitonic drift diffusion equations. The morphology-aware software solves for the spatial 
distribution of excitons, electrons, holes and the electric potential across the domain. The 
software can account for the effects of morphology by incorporating spatially varying 
mobilities, dielectric constants as well as interface dependent exciton dissociation, and 
recombination. Each microstructure was mapped onto a clustered mesh with a discretization 
of 800 x 3000 grid points. In addition to electron density, hole density, potential and exciton 
density distribution, in situ post-processing of the data was used to extract electron and hole 
current densities, as well as dissociation and recombination rate distributions (Figure 2). For 
each morphology, the complete current-voltage curve is generated. We extracted the short 
circuit current density (Jsc), fill factor (FF), open circuit voltage (Voc), and thus the efficiency 
from this curve.  
61 
 
 
 
 
Figure 2: (a) An example two dimensional morphology with black as donor and white as 
acceptor; holes are collected at the top surface and electrons at the bottom surface. (b) The 
input exciton generation rate (m-3s-1). Example results from the excitonic drift-diffusion 
model: (c) exciton dissociation rates (m-3s-1), (d) residual excitons that are not dissociated 
and thus decay (m-3s-1), (e) free carrier recombination rates (m-3s-1), (f) electron and (g) 
hole current densities (A/m2). 
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Figure 2 illustrates a representative result of the software for material parameters 
corresponding to the common poly(3-hexylthiophene) - phenyl-C61-butyric acid methyl ester 
(P3HT:PC60BM) bulk heterojunction material system. To model a realistic device, we use a 
thickness of 200 nm, and utilize the transfer matrix method to model absorption in the active 
layer118-119. To obtain the exciton generation rate as a function of depth in the device, we used 
a prepackaged software120 which included complex refractive indices for several materials. 
The structure of the device was glass / ITO (130 nm) / PEDOT:PSS (30 nm) / P3HT:PC60BM 
blend (200 nm) / calcium (10 nm) / aluminum (200 nm). The calculated generation rate is 
shown in Figure 2b as well as Figure A3 in the appendix. 
4.3 Results and Discussion 
A. Primary Physical Processes and Short Circuit Current Correlations 
Following the work of Wodo et al114, we demonstrate that morphological descriptors 
can predict physical processes that occur in a solar cell. The number of generated excitons, as 
calculated in the excitonic drift-diffusion model, correlates very well with the absorption 
descriptor. Similarly, the number of dissociated excitons correlates well with the descriptor for 
dissociation (Figure 3). Not noted in the work of Wodo et al is that the number of recombined 
charges correlates very well with the square of the dissociation descriptor. This is logical since 
Langevin recombination is R = γnp, where γ is the Langevin recombination parameter, and n 
and p are the electron and hole densities. Since dissociating excitons contribute to n and p 
equally, this is the expected behavior. Finally, Wodo et al reported that the best fitting charge 
collection parameter is the fraction of electrode area in direct contact with the desirable phase 
(i.e. anode covered with donor and cathode covered with acceptor). The short circuit current 
density can then be predicted by multiplying the absorption, dissociation, and charge collection 
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descriptors together. These relations between our excitonic drift-diffusion results and the 
morphological descriptors are demonstrated in Figure 3.  
 
Figure 3: A comparison of results from the excitonic drift-diffusion model with the 
relevant graph-based morphological descriptor: (a) exciton generation, (b) exciton 
dissociation, (c) charge recombination is proportional to the square of the 
dissociation descriptor, (d) short circuit current density. 
While the dissociation descriptor by Wodo et al114 is certainly logical and driven by the 
relevant physics, it is a somewhat complicated metric since it includes calculating the distance 
for every donor pixel to an interface. We find that the dissociation correlates very well with a 
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simpler, yet meaningful descriptor: the square root of the number of interface edges, i.e. the 
interfacial area. This is logical in that increasing interfacial area will have a lesser effect when 
the interfacial area is already high as dissociation begins to saturate. This correlation as well 
as a new predictor for Jsc, which includes the square root of the number of interface edges as 
the dissociation descriptor, are shown in Figure 4.  
 
Figure 4: (a) The exciton dissociation rate dependence on the square root of the number of 
interface edges. (b) The short circuit current density versus the modified graph-based 
descriptor, which includes the square root of interface edges as the dissociation descriptor. 
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B. Efficiency Dependence on Jsc and FF 
Since we generate full J-V curves from our excitonic drift-diffusion model, we can 
calculate the fill factor and efficiency of each morphology. As Voc is more or less constant 
(~0.58V) in our simulations, we expect the efficiency to increase with increasing Jsc and FF. 
However, we see that while the efficiency increases with Jsc, there is almost no correlation 
between efficiency and FF as shown in Figure 5. This is likely due to the much larger range in 
Jsc (~6-16 A/m2) compared to that of the FF (~0.48-0.55). Regardless, it is important to 
maximize both quantities to achieve the best efficiency. Therefore, we can investigate 
morphological features that influence the FF.  
 
Figure 5: Plots of the efficiency dependence on (a) Jsc and (b) fill factor demonstrating that 
the biggest factor for efficiency is a high short circuit current. 
66 
 
 
 
C. Morphological Descriptors for Fill Factor 
As we apply forward bias to the device the internal electric field is reduced. This change 
in electric field does not change the absorption of photons, nor does it change the dissociation 
of excitons since they are neutral entities and move under diffusive forces alone. However, 
with a lower electric field, charge collection will be changed. Therefore, we conclude that the 
fill factor should be related to morphological factors that may influence charge collection.  
We investigated several morphological features that could influence charge collection. 
One such feature is the tortuosity of the path that a free charge has to travel to reach the 
electrode. The tortuosity is defined as the actual path length an electron or hole must travel 
(within its respective phase) to the electrode divided by the direct, straight path length. For 
each morphology, we calculated the tortuosity value for every pixel on an interface that was 
connected to the correct electrode. We hypothesized that morphologies with a higher fraction 
of pixels with T = 1 (i.e. more direct paths) would have better fill factors. However, we see 
little correlation between the tortuosity and the fill factor (see Figure A4 in the appendix).  
We next hypothesized that the directionality of the interfaces may affect the charge 
collection. If a morphology has several horizontal interfaces, these will impede charge flow in 
the vertical direction. To investigate this, we calculated the gradient direction of the interface. 
The gradient directions were lumped into three categories: 0-30° (horizontal), 30-60° 
(intermediate), and 60-90° (vertical). While the investigated morphologies span a relatively 
low range in this category, we do not see a trend of lower fill factors having more horizontal 
interfaces (see Figure A5 in the appendix). 
Lastly, since the fraction of cathode and anode in direct contact with the desirable phase 
was chosen as the charge collection descriptor, and showed good correlation with Jsc when 
coupled with descriptors for exciton generation and dissociation, we decided to look at the 
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contact coverage more closely. As the fraction of electrode in contact with the desirable phase 
decreases, free charges have to be funneled through a smaller area. While simply looking at 
the total fraction of anode in contact with donor and cathode in contact with acceptor, we do 
not see a good correlation with fill factor. However, if there is an imbalance in the fraction of 
each electrode covered with desirable material, we see that the fill factor tends to drop. We 
define the quantity “Contact Coverage Difference” as the fraction of anode in contact with 
donor minus the fraction of cathode in contact with acceptor (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴−𝐴𝐴𝐶𝐶𝐶𝐶𝑡𝑡ℎ𝐴𝐴𝐴𝐴𝐴𝐴
𝐴𝐴𝑇𝑇𝐴𝐴𝑡𝑡
). The dependence 
of the fill factor on this quantity is shown in Figure 6. We note that this curve appears to be 
asymmetric with a smaller fraction of cathode in contact with acceptor to be more deleterious 
than a smaller fraction of anode in contact with donor. We attribute this to the exciton 
generation curve, which is highest near the anode. Thus, a higher number of charges are 
generated / dissociated near the anode and an electron created there will need to travel a long 
distance through the acceptor to the cathode. If the electron collection is difficult, i.e. less 
acceptor in contact with the cathode, the fill factor suffers. 
 
Figure 6: A plot of the fill factor versus the “Contact Coverage Difference”.  
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4.4 Conclusions 
Identification of morphological features that are highly correlated to device 
performance is critical for improving the performance of devices. Morphological features that 
are correlated with overall efficiency and fill factor have been challenging to identify. In this 
work, we utilize three distinct aspects of research threads pertaining to organic photovoltaics 
to first create a large dataset of representative morphologies; then extract a suite of morphology 
descriptors that describe each morphology; and finally compute the current–voltage curves for 
this set of morphologies. This comprehensive dataset allows us to rigorously identify which 
combination of morphological features are correlated with various device characteristics. We 
identified features that are highly correlated with device performance measures like excitons 
dissociated, free charges collected, and the short circuit current, which are in agreement with 
previous studies. We find that the fill factor weakly depends on the balance of anode in contact 
with donor and cathode in contact with acceptor. Since the short circuit current is already 
dependent on the fraction of the electrodes in contact with the desirable phase, designing 
morphologies with high Jsc will necessarily lead to a balanced “Contact Coverage Difference,” 
and thus a reasonably high fill factor. We found that the range of fill factors in our simulations 
was relatively small indicating that the fill factor also depends on other engineering issues such 
as minimizing defects (pinholes), the quality of interfaces between layers, and properties of the 
electron / hole transport layers. 
Appendix 
Drift Diffusion Model 
The behavior of excitons (X), electrons (n), holes (p), and the electric potential (ϕ) 
follow the governing equations below. The coupled mathematical model describes the 
redistribution of electron and hole under drift motion in addition to diffusion; the free charge 
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carriers’ distribution in turn affects the electric potential; the diffusion of excitons to the 
interfacial region provides the source of free charge carriers. After solving for the spatial 
distribution of X, n, p, and ϕ, one can post-process to get the output current density 
successively. 
𝛻𝛻 ∙ (𝜖𝜖𝛻𝛻𝜙𝜙) = 𝑞𝑞(𝑑𝑑 − 𝑝𝑝)    (22) 
𝛻𝛻 ∙ 𝑱𝑱𝑛𝑛 = −𝑞𝑞𝐷𝐷 + 𝑞𝑞𝑞𝑞                                                                 (23) 
𝛻𝛻 ∙ 𝑱𝑱𝑝𝑝 = 𝑞𝑞𝐷𝐷 − 𝑞𝑞𝑞𝑞                                                                                      (24) 
𝛻𝛻 ∙ (𝑉𝑉𝑡𝑡𝜇𝜇𝑋𝑋𝛻𝛻𝑋𝑋) − 𝐷𝐷 − 𝑞𝑞[𝑋𝑋] = −𝐺𝐺[𝑋𝑋] − 𝑞𝑞                                                                        (25) 
where the free charge carrier fluxes of electron  𝑱𝑱𝑛𝑛 and hole 𝑱𝑱𝑝𝑝 are expressed as 
𝑱𝑱𝑛𝑛 = −𝑞𝑞𝑑𝑑𝜇𝜇𝑛𝑛𝛻𝛻𝜙𝜙 + 𝑞𝑞𝑉𝑉𝑡𝑡𝜇𝜇𝑛𝑛𝛻𝛻𝑑𝑑                                                            (26) 
𝑱𝑱𝑝𝑝 = −𝑞𝑞𝑝𝑝𝜇𝜇𝑝𝑝𝛻𝛻𝜙𝜙 − 𝑞𝑞𝑉𝑉𝑡𝑡𝜇𝜇𝑝𝑝𝛻𝛻𝑝𝑝                                                               (27) 
In this set of equations, ε is the material dielectric constant, q is the elementary 
charge, µ𝑛𝑛/𝑝𝑝/𝑋𝑋  denote the mobility of a particular species, and the thermal voltage, Vt =kBT, where kB is the Boltzmann constant, and T is the temperature.  
In our simulations, the exciton generation rate G[𝑋𝑋], as shown in Figure A3, is calculated 
from the transfer matrix method118-120. The exciton dissociation is considered to be field-
assisted type and the dissociation rate D according to Onsager-Braun model86 is   
𝐷𝐷 = 3𝛾𝛾
4𝜋𝜋𝑎𝑎3
𝑒𝑒−𝐸𝐸𝑏𝑏/𝑘𝑘𝐵𝐵𝑇𝑇 𝐽𝐽1(2√−2𝑏𝑏)
√−2𝑏𝑏
𝑋𝑋 = 3𝛾𝛾
4𝜋𝜋𝑎𝑎3
𝑒𝑒
−
𝐸𝐸𝑏𝑏
𝑘𝑘𝐵𝐵𝑇𝑇(1 + 𝑏𝑏 + 𝑏𝑏2
3
+ 𝑏𝑏3
18
+ ⋯ )𝑋𝑋                           (28) 
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where 𝐸𝐸𝑏𝑏 = q2/(4πϵϵ0a) is the exciton binding energy, 𝑏𝑏 = q3|∇ϕ|/(8πϵϵ0kB2T2)  the field 
parameter, 𝑎𝑎 the electron-hole pair separation and 𝐽𝐽1 the first order Bessel function. The 
recombination rate of geminate pair is  
𝑞𝑞 = 𝛾𝛾𝑑𝑑𝑝𝑝                                                             (29) 
where 𝛾𝛾 is the Langevin recombination parameter87, γ = q
ϵϵ0
�µn + µp�. The exciton relaxation 
is R[X] = X/τX, where τX is the average lifetime of exciton. Both recombination and 
dissociation take place within a thin layer of 2 nm thickness at the donor/acceptor interface. 
Otherwise, they are set to be zero. 
It is assumed that the cathode and anode energy line up with the conduction and valence 
band, respectively, the boundary conditions88 for the charge densities are given by  
𝑑𝑑[𝐶𝐶] = 𝑁𝑁𝐶𝐶                                (30) 
𝑝𝑝[𝐶𝐶] = 𝑁𝑁𝑉𝑉𝑒𝑒𝑒𝑒𝑝𝑝 (−𝑉𝑉𝑏𝑏𝑏𝑏𝑞𝑞𝑉𝑉𝑡𝑡 )                                                          (31) 
for the cathode, and 
𝑑𝑑[𝑉𝑉] = 𝑁𝑁𝐶𝐶𝑒𝑒𝑒𝑒𝑝𝑝 (−𝑉𝑉𝑏𝑏𝑏𝑏𝑞𝑞𝑉𝑉𝑡𝑡 )                              (32) 
𝑝𝑝[𝑉𝑉] = 𝑁𝑁𝑉𝑉                                                                                         (33) 
for the anode. Here, Vbi(= LUMOacceptor − HOMOdonor) is the built-in potential and  NC, NV 
denote the effective density of states of conduction and valence band, respectively. The electric 
potential difference is assigned at the top and bottom surface, 
𝜙𝜙𝐶𝐶 − 𝜙𝜙𝑉𝑉 = 𝑉𝑉𝑏𝑏𝑏𝑏 − 𝑉𝑉𝑎𝑎                                                                           (34) 
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where Va is the applied voltage, ϕC/V are the conduction and valence band potential, 
respectively. The top and bottom surfaces are connected to the metallic electrodes, thus the 
density of exciton becomes zero. Zero boundary conditions are employed for ∇ϕ, ∇X,  Jn and Jp on the side surfaces. At each applied voltage value, the simulation is run to get the output 
current density. By changing the applied voltage, the current-voltage (J-V) characteristic curve 
is derived. The material properties used in the simulation are shown in Table A1. 
We performed our simulations using an in-house parallelized finite element library, 
which is based on PETSC for linear system solver and METIS for mesh partition. On average, 
384 core-hours are required to generate one J-V curve.  
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Supplementary Tables and Figures 
 
Table A1. Parameters used for the excitonic drift-diffusion simulations 
Name Symbol Numerical Value Unit 
Electron effective density of states NC 2.5 × 1025 m−3 
Hole effective density of states  NV 2.5 × 1025 m−3 
Electron zero-field mobility89 µn 2 × 10−7 m2V−1s−1 
Hole zero-field mobility89 µp 1.5 × 10−7 m2V−1s−1 
Exciton mobility90 µX 3.89 × 10−9 m2V−1s−1 
HOMO energy of P3HT91 HOMOdonor −5.1 eV 
LUMO energy of PCBM92 LUMOacceptor −4.0 eV 
Free space permittivity ϵ0 8.8542 × 10−12 A2s4kg−1m−3 
Relative dielectric constant of donor ϵd 3.0 −− 
Relative dielectric constant of acceptor ϵa 3.4 −− 
Average exciton lifetime τX 1 × 10−6 s 
Boltzmann constant kB 1.38065 × 10−23 m2kgs−2K−1 
Room Temperature T 300 K 
Elementary charge q 1.60218 × 10−19 C 
Electron-hole separation distances             a 1.3 × 10−9           m 
 
 
 
Figure A1: The AM1.5 spectrum used in the transfer matrix method and integrated power 
reaching the typical 100 mW/cm2. 
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Figure A2: Complex refractive index values of a P3HT:PCBM blend, which were used in 
the transfer matrix method simulation. 
 
Figure A3: The resulting generation rate of excitons in the active layer calculated using the 
transfer matrix method with 0 nm being the anode and 200 nm the cathode. 
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Figure A4: Plots demonstrating the fill factor is insensitive to several morphological 
features: (a) total fraction of anode and cathode in contact with desirable material, (b) the 
ratio of anode / cathode or cathode / anode coverage (always min/max), (c) the total number 
of interface edges, (d) the fraction of interface edges with complementary pathways to both 
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electrodes (through donor to anode and through acceptor to cathode), (e) the average path 
length for electrons to travel from interface to cathode, (f) the average path length for holes 
to travel from interface to anode, (g) fraction of electron pathways with direct paths to 
cathode (tortuosity = 1), (h) fraction of hole pathways with direct paths to anode (tortuosity 
= 1). 
 
 
Figure A5: A plot showing the highest and lowest fill factor morphologies. The axes 
represent the fraction of horizontal (0-30°), intermediate (30-60°), and vertical (60-90°) 
interfaces of the morphology demonstrating significant overlap of low and high fill factor 
devices. 
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CHAPTER 5. 
CONCLUSIONS AND OUTLOOK 
 
Three distinct projects studying various aspects of the charge generation and collection 
in organic photovoltaics were described. In the first, we demonstrated that by adding a 
microlens array (MLA) on the light-facing side of the transparent substrate in OPV devices, 
optical absorption in the active-layers improved due to reduced reflection, and increased light 
path achieved by light focusing and diffraction. The optical field intensity increased 
periodically inside the active layer. All of these effects combined to enhance short-circuit 
currents and power conversion efficiencies. We get around 10% enhancements in 
PTB7:PC71BM devices with MLA pitch size of 0.6 µm, 1 µm, 1.5 µm and 2 µm, even when 
the reference devices were high efficiency devices with optimized processing conditions. The 
enhancement generally increases with increasing height of microlenses. When the angle of 
light incidence changes away from the normal, the enhancements for 1 µm, 1.5 µm or 2 µm 
pitch MLAs drop slightly, and then increase significantly at large angles. For 0.6 µm pitch 
MLA, enhancement increases at all non-normal angles. Simulations using the scattering matrix 
approach support the central experimental observations and provide insights into the 
enhancement mechanisms. The enhancement was as high as 17% in PCDTBT based MLA 
devices. The simple stamping technique to fabricate the MLAs can be scaled readily to larger 
areas. Moreover, the MLA is on the substrate side opposite to the active layer and does not 
hinder the cell fabrication or electrical characteristics. It is also generally applicable to all types 
of solar cells due to its non-intrusive and external nature. 
In the second project, additions of both neat and functionalized BTO particles to 
P3HT:PCBM based solar cells were investigated. The neat BTO particles showed mostly large 
aggregates while the f-BTO particles exhibited two distinct morphologies: 1) long, string-like 
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aggregates and 2) small agglomerates of nanoparticles. The morphologies with string-like 
aggregates demonstrated a 40% increase in photocurrent due to a balance of increased light 
scattering and optimal charge collection. The other morphology with low-level aggregation 
demonstrated only a slight enhancement in Jsc and was typically accompanied by reduced FF, 
which was attributed to increasing trap states with f-BTO particle additions.  
Our simulation using the excitonic drift-diffusion model demonstrated that the 
functional group completely negates the large enhancement in exciton dissociation found with 
the neat nanoparticle. The increase in electric field strength, though, assists carrier transport 
and leads to slightly enhanced performance. Optical scattering matrix simulations demonstrate 
increased light scattering with string-like aggregates, and enhanced photocurrents, consistent 
with experimental results of solar cell enhancements. For aggregated nanoparticles, both 
optical simulations and transmission measurements show increased light scattering that 
increases with the aggregate weight fraction. Even more light scattering may occur in full 
devices due to more roughness of the metal electrode caused by the particles. Future works 
could include developing techniques to disperse neat particles, discovering conducting or high 
dielectric constant coupling agents, or finding techniques to remove the coupling agent via 
post-processing without disturbing the active-layer. 
Finally, a computational study investigating morphological effects on photophysical 
processes of BHJ OPVs was reported. Identification of morphological features that are highly 
correlated to device performance is critical for improving the performance of devices. 
Morphological features that are correlated with overall efficiency and fill factor have been 
challenging to identify. In this work, three distinct aspects of research threads pertaining to 
organic photovoltaics were utilized to first create a large dataset of representative 
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morphologies; then extract a suite of morphology descriptors that describe each morphology; 
and finally compute the current–voltage curves for this set of morphologies. This 
comprehensive dataset allows us to rigorously identify which combination of morphological 
features are correlated with various device characteristics. We identified features that are 
highly correlated with device performance measures like excitons dissociated, free charges 
collected, and the short circuit current, which are in agreement with previous studies. We find 
that the fill factor weakly depends on the balance of anode in contact with donor and cathode 
in contact with acceptor. Since the short circuit current is already dependent on the fraction of 
the electrodes in contact with the desirable phase, designing morphologies with high Jsc will 
necessarily lead to a balanced “Contact Coverage Difference,” and thus a reasonably high fill 
factor. We found that the range of fill factors in our simulations was relatively small indicating 
that the fill factor also depends on other engineering issues such as minimizing defects 
(pinholes), the quality of interfaces between layers, and properties of the electron / hole 
transport layers. 
Ongoing and future work includes updating several aspects of the model. The first 
update includes adding a potential difference term across the P3HT – PCBM interface. The 
offset in HOMO and LUMO levels in the two materials induces a potential difference that 
causes carriers to be swept across the interface: holes preferentially migrate towards P3HT and 
electrons towards PCBM. The current iteration of the model does not include this effect, but 
deals with the phenomenon by selecting a very low mobility for carriers in the “wrong” 
material (electrons in P3HT and holes in PCBM). However, adding this interfacial potential 
will change the concentration of carriers in each phase, which will likely change the results 
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output by the model. Further, an additional term has been added to the Poisson equation that 
incorporates the effect of excitons aligning across the P3HT – PCBM interface121. 
Further, there is interest in expanding this model to new perovskite-based solar cells122-
127. The common materials system for these solar cells is methylammonium lead iodide 
(CH3NH3PbI3). It is now widely accepted that free electrons and holes are generated upon 
photon absorption in this material and thus no bulk heterojunction-like structure is necessary 
to separate charges. Further, it has been shown that some band bending occurs at the grain 
boundaries in this material128. Therefore, by implementing the interfacial potential in organic 
BHJ devices, we can adapt this to band bending at perovskite grain boundaries. After gathering 
values for material properties of the perovskites, our two-dimensional (and possibly 3D) drift-
diffusion model should be easily adaptable to this material system. To our knowledge, the only 
drift-diffusion model applied to perovskites thus far has been one dimensional123, 129 assuming 
homogenous properties throughout the perovskite layer even though experimental studies have 
demonstrated that grain boundaries affect the performance.  
Lastly, there are ongoing efforts to increase the computational efficiency of the drift-
diffusion simulations. Since there are large gradients in electron and hole densities near the 
electrodes and also at the P3HT – PCBM interface, a high density mesh is needed in these 
areas. By switching from a rectangular mesh to triangular, it is possible to use an adaptive 
mesh that increases the density of points at regions of interest (near electrodes and at interfaces) 
to resolve these large gradients. Since the adaptive mesh only adds extra points where 
necessary rather than throughout the whole layer, fewer points overall will be necessary. 
Having fewer points may speed up convergence times allowing simulations of larger domains, 
expansion of the model to 3D, and higher throughput for larger experiments.  
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